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OVERVIEW

The U.S. Congress directed the U.S. Department of
Energy (DOE) to include in its Viability Assess-
ment (VA) a discussion of the design for a Moni-
tored Geologic Repository, including critical
elements of repository surface, subsurface, and
waste package designs. Taken together, the five
volumes of the VA present a comprehensive and
integrated description of the Yucca Mountain site,
Monitored Geologic Repository and waste package
designs, overall repository performance, plans to
move forward from VA to License Application
(LA), and associated costs.

Volume 2 contains the following:

* Descriptions of the critical elements of
repository subsurface, waste package, and
surface designs

* Discussions on the design process and
design bases

* Descriptions of the surface and subsurface
systems, including those addressing waste
retrieval

* Description of the engineered barrier system,
including waste package designs and design
options, along with measures taken to extend
the life of the waste package and protect the
integrity of the spent nuclear fuel cladding

* Concepts for construction and operation
» Considerations regarding design flexibility
* Discussions of major design alternatives

Information presented in this volume is extracted
from much of the design analyses, technical docu-
ments, and engineering drawings prepared under a
quality assurance program approved by the
Nuclear Regulatory Commission (NRC). These
support documents provide in-depth technical
treatment of the summary information presented in
this document and can be accessed through DOE
records systems. Appropriate references to such
support documents are included throughout the

text. The information presented in this volume
reflects the design as of March of 1998. This
design is referred to as the VA reference design.

It should be noted that the VA reference design
described, discussed, and evaluated in the VA rep-
resents a “snapshot” of the design in its evolution-
ary process. The design will continue to progress
as additional site data are gathered and additional
performance assessments are conducted and evalu-
ated. The integrated evaluations of these site data
and performance assessments may result in further
modifications to the VA reference design of the
Monitored Geologic Repository and engineered
barrier system.

CRITICAL ELEMENTS

Critical elements are those structures, systems, and
components of the Monitored Geologic Repository
that are relied upon to protect the public and/or
workers from potential radiological risks during
the operational lifetime of the repository or to
protect public health and safety in the postclosure
period. Critical elements for the subsurface, waste
package, and surface designs are discussed in
Section 1.2.

DESIGN PROCESS

The design process discussion in Section 2.1 pre-
sents the strategy for design development and dis-
cusses how this strategy has evolved over time. It
includes a brief history of the evolution of the
repository design since the release of the Site Char-
acterization Plan Overview, Yucca Mountain Site,
Nevada Research and Development Area, Nevada
in December 1988 (DOE 1988a). The design has
evolved during the last 10 years with the acquisi-
tion of a significant amount of site data, changes in
the design philosophy regarding waste package
size and configuration, excavation methods, and
maturation of the process of predicting long-term
performance of the overall system. Section 2.1.2
describes the design decision-making and docu-
menting process as it relates to quality assurance
requirements for design control. Section 2.1.3 dis-
cusses the Nuclear Quality Assurance program and
its applicability to various aspects of the design.
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The evaluation of Monitored Geologic Repository
systems to ascertain their importance to radiologi-
cal safety in the preclosure period (termed impor-
tant to safety) and their potential to impact long-
term postclosure performance (important to waste
isolation) is underway. This evaluation is impor-
tant not only because it determines the level of
nuclear quality assurance applied to the various
systems but also as a tool to prioritize ongoing
design work. In general, those systems that are
important to radiological safety or to waste isola-
tion are given priority for resource allocation. The
current status of system evaluations is presented in
Section 2.2.

The current design effort is focused appropriately
on those systems considered important to a radio-
logically safe operation and the successful long-
term performance of the engineered barrier system.
Systems that are not considered important to radio-
logical safety or waste isolation, such as certain
utility systems, administrative, and non-safety
construction functions, are treated broadly in this
volume. Non-radiological safety considerations
such as silica dust control and other occupational
safety considerations are considered equally
important but are not addressed in this volume of
the VA.

The process of design prioritization, called bin-
ning, is described in Section 2.3. Binning is the
placement of the various systems in one of three
possible bins according to the system's radiological
or waste isolation importance and regulatory prece-
dent. Bin 3 systems have nuclear safety implica-
tions and no regulatory precedent. In this context,
a lack of regulatory precedent means that NRC has
no previous history in licensing this type of system.
Bin 2 systems have nuclear safety implications and
licensing precedent. Accordingly, Bin 3 systems
have highest priority, followed by Bin 2 systems.
Bin 1 systems have no radiological significance
and, therefore, the lowest priority at this point in
the design evolution process. These non-radiologi-
cal aspects of design will be developed prior to
construction authorization.

DESIGN BASES

Section 3 contains discussions of the following
bases for repository design:

* Design requirements

* Primary design assumptions that are in the
process of being verified

» Required postclosure functions of the
systems

* Major preclosure goals and objectives

The regulatory requirements for the repository
system are captured primarily in the Repository
Design Requirements Document (YMP/CM 0023,
REV. 00, ICN 01) (YMP 1994b) and the Engi-
neered Barrier Design Requirements Document
(YMP/CM 0024, REV. 00, ICN 01) (YMP 1994a).
The Nuclear Waste Policy Act of 1982, as
amended, and 10 Code of Federal Regulations
(CFR) 60, Disposal of High-Level Radioactive
Wastes in Geologic Repositories, are the primary
sources for these requirements. Section 3.1
addresses design requirements for the repository
system.

The current phase of repository design includes
certain assumptions that will be the subject of
ongoing and future analytical and site characteriza-
tion work. The VA reference design is predicated
on these assumptions regarding the likely outcome
of this analytical work and characterization. These
controlled design assumptions and the process for
documenting, ensuring common usage of assump-
tions, and closing out these assumptions are dis-
cussed in Section 3.2.

Section 3.3 addresses functions that are allocated
to various systems for long-term performance. The
allocation of postclosure performance functions to
a system means that a certain amount of reliance is
placed on that system to perform as expected. The
concept of multiple barriers having different failure
modes (defense in depth) also is discussed. The
concept of long-term performance is defined and
discussed in Volume 3 of the VA.
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Section 3.4 discusses preclosure radiological goals
and objectives. The preclosure period includes the
time people will routinely work in and around the
repository. The radiological health and safety of
the workers, as well as those individuals inhabiting
the surrounding areas, is addressed in this section.
Regulations applicable to the design also are dis-
cussed.

REPOSITORY DESIGN

The design of the Monitored Geologic Repository
surface facilities and subsurface layout is discussed
in Section 4. Relevant figures are included.
Equipment and procedures for waste handling
already approved by NRC and in use at other
licensed nuclear facilities have been incorporated
into the design and operating concepts to the maxi-
mum extent practicable. A Repository Design
Consulting Board comprised of industry experts
was assembled to review and comment on the
design. The Board provided guidance in the areas
of waste receipt, transfer, handling, and packaging;
underground excavation methods; waste package
design; and waste package materials testing. The
waste package design and materials testing pro-
gram are described in Section 5.

Major emphasis is intentionally placed on describ-
ing and discussing the underground systems and
the engineered barrier system. Less description
and discussion are provided for surface systems
that will be similar to those already in use at other
nuclear facilities licensed by NRC.

Radiologically significant repository surface facili-
ties and their functions and operations are
described in Section 4.1. The Waste Handling
Building is the largest and most complex structure.
It houses all facilities and equipment required to
remove spent nuclear fuel assemblies and other
high-level radioactive waste forms from their
transportation casks; handle the casks and wastes
within the facility; place the wastes into disposal
containers; close and inspect the containers; and
load the waste packages (loaded, sealed, and tested
disposal containers) onto the conveyance that
transports the waste packages underground for
emplacement.

Other waste-related facilities also are discussed:
* Carrier Preparation Building

— Processes transportation casks before their
entrance into the Waste Handling Building

—Readies empty casks and associated
equipment for shipment back to the waste
generators

* Waste Treatment Building

—Treats site-generated low-level radioactive
wastes

Some support-related facilities, called balance-of-
plant, also are discussed briefly.

Section 4.2 contains descriptions of the repository
subsurface design, including the total excavation
requirements, and sequence of construction.

The repository subsurface layout, discussed in
Section 4.2.1, consists of main drifts and emplace-
ment drifts as discussed in Section 4.2.1.4. The
repository host horizon is located above the water
table in the dry, unsaturated zone, consisting of
volcanic tuff, to take advantage of the features of
the natural barrier. Main drifts provide travelways
for equipment, personnel, ventilating air, and waste
packages. Emplacement drifts are the tunnels in
which the waste packages will be placed. Subsur-
face access is provided by two gently sloping
ramps and two vertical shafts. Waste package
transport into the subsurface facility is via the north
ramp. No waste is moved into the subsurface
facility via the vertical shafts.

The subsurface layout will be excavated using tun-
nel boring machines, with less than 5 percent by
other mechanical means. No drill-and-blast exca-
vation is planned currently. The existing 7.9-km
(4.9-mile) tunnel that was constructed to assist in
site characterization activities forms a part of the
system of main drifts.

Transportation in the subsurface is provided by a
rail system of conventional design. Power for sub-
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surface vehicles is provided by a direct-current
electric trolley system. During the period when
emplacement and development operations are con-
current, the repository will be partitioned into two
independent areas. One area encompasses waste
emplacement operations while the other supports
construction of waste emplacement drifts. Under
normal conditions, no vehicular or personnel traffic
will pass from one area to the other.

The ground control system is discussed in
Section 4.2.2. This system, installed during the
excavation of the facility, provides the means to
ensure stability of the subsurface openings during
the preclosure period. A robust lining system of
precast concrete segments was selected as the pri-
mary ground support system for the emplacement
drifts.  Steel sets with steel lagging will be
employed in about 10 percent of the emplacement
drifts that are to be geologically mapped. Either
system will require little or no maintenance over
the preclosure period.

The waste transport and emplacement system, dis-
cussed in Section 4.2.3, moves the loaded waste
packages to the subsurface and places the waste
packages in the emplacement drifts.

The subsurface ventilation system, discussed in
Section 4.2.4, consists of two separate and inde-
pendent fan systems and flow networks separated
by moveable air locks. One system provides air to
the development operations area while the second
system ventilates the waste emplacement opera-
tions area. Development of new emplacement
areas and emplacement of waste in previously pre-
pared areas take place simultaneously over a period
of approximately 20 years. Air pressure in the
development side is always higher than the pres-
sure in the emplacement side. In the unlikely event
that radioactive particulates are released into the
subsurface airstream on the emplacement side, the
pressure differential will prevent the spread of
these particles to the development operations area.
The emplacement-side ventilation system includes
a high-efficiency particulate air filter system to trap
and retain any radioactive particulates that may be
released. The subsurface repository monitoring
and control system, including certain performance

confirmation  functions, is  discussed in

Section 4.2.5.

Repository closure and decommissioning is dis-
cussed in Section 4.3. Subsurface closure will
begin with the removal of nonpermanent items
from the subsurface that will not be needed during
the closure process. Backfill material, possibly
sand or a portion of the rock initially removed dur-
ing excavation of the underground facility, will be
placed in the main drifts. The VA reference design
does not include placement of backfill in the
emplacement drifts.  Use of backfill in the
emplacement drifts is an option and is discussed in
Section 5.3.1.

Seals will be installed at various locations in the
ramps and shafts, with backfill material placed in
the spaces between the seals. Plugs will be
installed at the surface entrance to the ramps and
shafts. The plugs and seals are designed to inhibit
future human intrusion into the repository and pre-
vent the ramps and shafts from providing preferen-
tial pathways for water to enter into the repository
host horizon or for radionuclides to escape to the
biosphere.

Closure of the surface facilities will start with
decontamination of all radiological areas. Result-
ing low-level radioactive wastes will be com-
pacted, packaged, and stored temporarily onsite
until transported for disposal offsite. Structures
will be emptied of equipment and dismantled.
Debris will be disposed of in approved offsite facil-
ities. Foundations and slabs will be removed and
the surface returned to its approximate original
condition. Native plants will be cultivated to com-
plete the restoration.

Monuments are planned for various locations
around the site. The monuments will serve to warn
future inhabitants of the presence and nature of the

emplaced wastes. Provisions may be added for
postclosure monitoring.

The performance confirmation program, discussed
in Section 4.4, includes elements of site testing,
repository testing, repository subsurface support
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facilities construction, and waste package and
materials testing.

ENGINEERED BARRIER SYSTEM DESIGN

The engineered barrier system, discussed in Sec-
tion 5, is composed of the waste forms, the sur-
rounding waste package, and other man-made
items in the underground facility. The non-waste
package components include the steel waste pack-
age supports; the piers upon which the supports
rest; the tunnel bottom, or invert; and the linings
installed in the emplacement drifts. Backfill, if
used in the emplacement drift, would also be con-
sidered a part of the engineered barrier system (see
Section 5.3.1). The designs for the waste package
and remainder of the engineered barrier system
were selected to complement the performance fea-
tures of the natural barrier.

Section 5.1 addresses the components that make up
the waste package, and the design aspects of these
components. The role that spent nuclear fuel clad-
ding plays as a barrier to radionuclide dissolution

and the measures taken to protect the integrity of
the cladding also are discussed. There are several
waste package configurations in the VA reference
design because of the variety in size, thermal out-
put, origin, initial enrichment, and burnup charac-

teristics of waste forms that must be
accommodated. Commonality among waste pack-
age designs has been achieved to the maximum
extent practicable. The waste package is the pri-
mary component of the engineered barrier system
relied upon to contain radionuclides.

Performance assessments in the U.S. Department
of Energy (DOE) and U.S. Nuclear Regulatory
Commission (NRC) Total System Performance
Assessment (TSPA) Technical Exchange Summary
Report (DOE 1995b) have demonstrated that the
amount of water contacting the waste packages is
the most important determinant in assessing the
ability of the site to contain and isolate high-level
radioactive waste. Therefore, the emplacement
drifts are located above the water table in the unsat-
urated zone.

The waste packages are composed of two concen-
tric containment barriers. The outer barrier is com-
posed of 10 cm (4 in.) of carbon steel (A516) while
the inner barrier is made up of 2 cm (0.8 in.) of a
high-nickel alloy American Society for Testing and
Materials (ASTM) B 575 N06022 (also referred to
as Alloy 22). The dual-metal-barrier design pro-
vides protection against two different and indepen-
dent container degradation modes. The outer
barrier is fabricated with a corrosion allowance
material that will corrode slowly over time with lit-
tle pitting or crevice corrosion. While the corro-
sion allowance material is intact and slowly
corroding, it will protect the inner barrier material
from exposure to oxygen and moisture. The dual-
barrier design with differing degradation modes
should remain intact for thousands of years. The
use of a dual-barrier design represents the applica-
tion of the defense in depth design philosophy.
Use of dual barriers with different and independent
failure modes supports the waste containment strat-
egy by protecting against common mode failure
that otherwise could occur with a single-material
barrier.

The internal parts of the waste package depend on
the type and characteristics of the waste placed in
the package. Most of the waste packages will con-
tain spent nuclear fuel assemblies with Zircaloy
cladding from commercial power plants. There are
two basic size groups of assemblies. The larger
assemblies are from pressurized-water reactors and
the smaller assemblies are from boiling-water reac-
tors. While the pressurized-water reactor assem-
blies are larger in cross-section, the majority of
both types are of approximately the same length.
The internal package configuration for the com-
mercial spent nuclear fuel assemblies consists of a
metallic basket that holds the individual assemblies
in place. The makeup of the basket can be changed
to compensate for the nuclear criticality potential
of the assemblies. Most assemblies need no criti-
cality control and will have simple carbon-steel
baskets. Some assemblies will need boron, which
absorbs neutrons, in the steel of the baskets to pre-
vent criticality.

An inner barrier to the dissolution and release of
radionuclides is the metal cladding surrounding the
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ceramic-pellet waste form (see Section 5.1.1).
Measures taken to protect the cladding are dis-
cussed in Section 5.1.3.2. The contribution of
cladding to repository performance is discussed in
Section 5.5.2 of Volume 3.

In addition to receiving commercial spent nuclear
fuel, the repository will also accept vitrified high-
level radioactive waste in stainless steel canisters.
Vitrified waste is a glass waste form containing fis-
sion products concentrated from defense-related
activities. Five canisters will be loaded into each
waste package for disposal. A smaller diameter
canister containing DOE-owned spent nuclear fuel
from research reactor operations will be placed in
the center of some of these waste packages. This
concept is referred to as co-disposal and such can-
isters will be suitable for direct insertion into waste
packages.

The waste packages will be placed on supports
whose composition of carbon steel is identical to
the composition of the outer barrier of the waste
package. Carbon steel supports were chosen so as
to alleviate galvanic reactions between the supports
and the outer walls of the waste package in order to
preclude rapid corrosion of the outer wall, thus
promoting long waste package lifetimes. The pier
is a steel box, containing concrete, with two verti-
cal holes that accommodate the legs of the steel
supports. The inverts, which support the piers, are
composed of precast concrete. The invert serves as
the floor of the emplacement drift and supports all
operating equipment as well as the weight of the
waste packages.

Evaluations to support the waste package design
are discussed in Section 5.1.3. A significant, ongo-
ing program of testing potential waste package
materials is described, along with the testing pro-
gram for degradation of the waste forms. Material
performance modeling also is addressed.

Several options that may enhance the performance
of the VA reference design engineered barrier
system are being evaluated. These options are
discussed in Section 5.3. Alternative waste pack-
age designs are discussed in Section 8.

0-6

CONCEPTS FOR CONSTRUCTION, OPERA-
TION, MONITORING, AND CLOSURE

Section 6 contains descriptions of the construction,
operation, monitoring, and closure of the facili-
ties. Operations descriptions are provided, begin-
ning with arrival of the waste in its transportation
packaging, through receipt, preparation, and
unloading of the wastes. Transfer of wastes, place-
ment into disposal containers, and closure and test-
ing of the containers are discussed.

Major subsurface operations are described, includ-
ing the following:

« Construction of the initial portions of the
subsurface repository prior to the start of
waste emplacement operations

 Simultaneous operations of ongoing drift
excavation and waste emplacement

» Waste package transport and emplacement
» Monitoring operations

The operation of the subsurface waste emplace-
ment system is summarized in Section 6.2.2.
Additional details on equipment and systems used
are provided in Section 4.2.3.

DESIGN FLEXIBILITY CONSIDERATIONS

Complex systems are designed with a degree of
flexibility so they can be operated over a wide
range of conditions and accommodate future
uncertainties. Section 7 addresses some of the
major flexibility measures incorporated into the
repository design.

Areas of flexibility include the use of multiple han-
dling lines for commercial spent nuclear fuel and
canistered waste forms to prevent a single break-
down of equipment from halting operations. Also,
the surface facility will provide the capability to
engage, open, and manipulate a wide variety of
existing and future cask designs.
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In the subsurface, flexibility will enable unex-
pected geologic conditions encountered during
development of new emplacement areas to be
addressed. Conducting emplacement operations
simultaneously in multiple drifts will prevent a sin-
gle equipment failure from shutting down opera-
tions and facilitate the emplacement of waste
packages with a broad range of waste characteris-
tics.

MAJOR DESIGN ALTERNATIVES

Sections 1 through 7 describe the VA reference
design, as well as several options to the engineered

barrier system design under evaluation. Section 8
discusses several major design alternatives that are
significantly different from the VA reference
design, in accordance with 10 CFR 60. These
alternatives are under evaluation to determine their
long-term performance and ascertain their costs.
Evaluations of design options and major alternative
designs will be completed prior to development of
any LA. The work remaining to complete the eval-
uations and finalize the LA design is discussed in
Section 3.2 of Volume 4.
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1. INTRODUCTION

1.1 SCOPE AND OBJECTIVE

This volume describes the major design features of
the Monitored Geologic Repository. This docu-
ment is not intended to provide an exhaustive,
detailed description of the repository design.
Rather, this document summarizes the major sys-
tems and primary elements of the design that are
radiologically significant, and references the spe-
cific technical documents and design analyses
wherein the details can be found.

Not all portions of the design are at the same level
of completeness. Highest priority has been given
to assigning resources to advance the design of the
Monitored Geologic Repository features that are
important to radiological safety and/or waste isola-
tion and for which there is no NRC licensing prece-
dent. Those features that are important to
radiological safety and/or waste isolation, but for
which there is an NRC precedent, receive second
priority. Systems and features that have no impact
on radiological safety or waste isolation receive the
lowest priority.  This prioritization process,
referred to as binning, is discussed in more detail in
Section 2.3.

Not every subject discussed in this volume is given
equal treatment with regard to the level of detail
provided. For example, less detail is provided for
the surface facility design than for the subsurface
and waste package designs. This different level of
detail is intentional. Greater detail is provided for
those functions, structures, systems, and compo-
nents that play key roles with regard to protecting
radiological health and safety and that are not com-
mon to existing nuclear facilities already licensed
by NRC. A number of radiological subjects are not
addressed in the VA, (e.g., environmental qualifi-
cation of equipment). Environmental qualification
of equipment and other radiological safety consid-
erations will be addressed in the LA. Non-radio-
logical safety considerations such as silica dust
control and other occupational safety consider-
ations are considered equally important but are not
addressed in this volume of the VA (see Volume 1,
Section 2.2.1.2, subsection on Health Related Min-
eral Issues).

1.1.1  Scope

Volume 2 describes the surface waste receiving and
handling systems, subsurface layout and under-
ground waste package handling and emplacement
systems, and the disposal container (waste pack-
age) designs as of March 1998. This design is
referred to as the VA reference design. The reposi-
tory and disposal container designs are in the pre-
liminary design stage, which is the second of three
design stages: conceptual, preliminary, and final
(also referred to as procurement and construc-
tion). The design will continue to evolve as issues
are resolved, additional site data are acquired, per-
formance assessments are reiterated and reevalu-
ated, and important design bases are refined. The
description presented in this volume represents a
comprehensive and integrated picture of the overall
VA reference design from a radiological safety per-
spective.

This volume also describes how the primary sur-
face and subsurface facilities are intended to oper-
ate and identifies interfaces between the two
facilities. Construction and operation of the sub-
surface facilities are closely interrelated and will
occur simultaneously over an extended period.
Therefore, the construction sequencing for the sub-
surface repository also is described. The loading,
movement, and emplacement of waste packages
are discussed within the context of the surface and
subsurface structures, systems and components
important to radiological safety and/or waste con-
tainment.

Important design bases for the Monitored Geologic
Repository also are discussed in this volume.
These design bases include regulatory require-
ments, basic assumptions, and waste characteris-
tics. NRC key technical issues are addressed in
Sections 1.2.1, 1.2.3,2.2, 5.1, and 5.3.

Sections 1 through 7 focus on the VA reference
design for the major surface, subsurface, and engi-
neered barrier systems. Section 8 discusses major
design alternatives being considered. These alter-
natives represent major departures from the basic
concepts of the VA reference design. The intent of
this discussion is to show what major alternatives
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exist, as well as to identify the potential benefits
and limitations of each.

1.1.2  Objective

The objective of Volume 2 is to present a high-
level summary of the radiological aspects of the
Monitored Geologic Repository design based on
the extensive work performed to date. The major
design bases that have guided the design and the
measures taken to extend the life of the waste pack-
age and protect the integrity of the spent nuclear
fuel cladding are major contributors to long-term
repository performance.

Volume 2 is intended to be a complement to the site
description in Volume 1, the discussion of the
Monitored Geologic Repository's long-term perfor-
mance presented in Volume 3, the LA planning
process described in Volume 4, and the cost infor-
mation provided in Volume 5.

1.2 CRITICAL ELEMENTS

A systems engineering approach was used to

develop the reference designs for the repository

and waste packages. Technical baseline require-
ments were identified and functional requirements
were developed and allocated to system architec-
ture. Descriptions were prepared for each system
which, among other things, identified interfaces
among the various systems. These descriptions
were included in the Q-List (DOE 1998a). Ele-
ments of the system designs were then input into
performance assessments, as appropriate. The
results of those assessments, which included engi-
neering designs and the features of the natural sys-
tem combined as inputs, were then evaluated again,
the designs modified, and the performance assess-
ments reiterated, as appropriate, to ensure robust
designs. Thus, the approach taken in developing
the VA reference designs reflects an integrated sys-
tems engineering approach. The design elements
were then provided to cost engineers to estimate
overall costs for the systems.

This section contains a summary of the critical ele-
ments of the repository subsurface, waste package,
and surface designs. Critical elements are those

structures, systems, and components of the Moni-
tored Geologic Repository that play important
roles in either preclosure safety or postclosure per-
formance. That is, such structures, systems, and
components are relied upon to protect the public
and/or workers from potential radiological risks
during the operational lifetime of the facility or to
protect public health and safety in the postclosure
period. Structures, systems, and components that
are expected to have a radiological safety or waste
isolation function, or other regulatory interest,
without regulatory precedent have been catego-
rized as Bin 3. Structures, systems, and compo-
nents that are expected to have a radiological safety
or waste isolation function, or other regulatory
interest, with regulatory precedent have been cate-
gorized as Bin 2. There is a link between Critical
Elements and Bin 2 and 3 categorized structures,
systems, and components. A detailed description
of binning and how binning is used to prioritize
design activities is provided in Section 2.3, Prioriti-

.zation of Design Activities.

The following three sections address critical ele-
ments and functions for the subsurface, waste
package, and surface designs, respectively. As
appropriate, the structures, systems, and compo-
nents are discussed as they relate to the repository
safety strategy and the Principal Factors of
Expected Repository Performance discussed in
Volume 4, Section 2. The repository safety strat-
egy and the principal factors served as drivers in
developing the VA reference design and provide a
focus for future work leading to the preparation of
a license application. The design aspects of that
work are described in Sections 2 and 3 of
Volume 4.

1.2.1  Repository Subsurface

There are 17 major systems that make up the
subsurface repository architecture, of which 9 are
expected to have a radiological safety or waste
isolation function, or other regulatory interest,
without regulatory precedent. The information in
this section addresses aspects of the NRC Key
Technical Issues of Structural Deformation and
Seismicity (NRC 1997a), Evolution of the Near-
Field Environment (NRC 1997b), Container Life




Preliminary Design Concept for the Repository and Waste Package

Volume 2

and Source Term (NRC 1998a), Repository Design
and Thermal-Mechanical Effects (NRC 1997c¢),
and Radionuclide Transport (Sagar 1997).
Detailed descriptions of subsurface systems func-
tions and designs are presented in Section 4.2. As
indicated in Mined Geologic Disposal System
Prioritization of Structures, Systems, and Compo-
nents (SSCs), nine of these were placed in Bin 3
(CRWMS M&O 1997m).

Important
to
Important Post-
To Pre- closure
closure Perfor-
Subsurface System Safety mance
Subsurface Facility System X
Engineered Barrier System
Performance Confirmation System
Subsurface Closure and Sealing System
Ground Control System
Subsurface Ventilation System
Waste Emplacement System
Waste Retrieval System
Subsurface Central Control Systern

1.2.1.1 Systems Contributing to Postclosure

Performance

Subsurface Facility System. The subsurface
facility system encompasses the location, size, and
spacing of the underground openings, including
access ramps and development, emplacement, and
ventilation drifts that facilitate underground devel-
opment, emplacement, and retrieval operations.
Location of the subsurface facility system in the
unsaturated zone helps to limit the water available
to come in contact with the waste packages. The
system protects the engineered barrier system and
supports long waste package lifetimes and thus
long-term waste isolation. The location of the sub-
surface facility system in the unsaturated zone
helps to limit the water available to come in contact
with the waste package. Thermal heating of the
waste packages and the surrounding rock will cre-
ate a low-humidity environment in the emplace-
ment drifts. The emplacement drifts are located to
avoid disruption by fault movement by maintain-
ing a suitable stand-off distance from Type I faults.
The subsurface facility system houses other sub-
surface systems such as ventilation, utility, safety,
monitoring, and underground transport of waste
packages and interfaces with the engineered barrier
system, the natural barrier for the geologic setting,

and the performance confirmation system. The
repository subsurface facilities are discussed fur-
ther in Section 4.2. Major alternatives to the sub-
surface facility system design under consideration
are discussed in Section 8.

Engineered Barrier System. The engineered
barrier system consists collectively of the waste
packages, including spent nuclear fuel cladding;
waste package support hardware; and performance
enhancing barriers and is located entirely within
the underground facility. The engineered barrier
system benefits from a low-humidity environment
during the first several thousand years achieved by
drift layout and orientation and the thermal loading
of the drift through waste package spacing within
and among the emplacement drifts. The engi-
neered barrier system supports long waste package
lifetimes through the use of a concentric, dual-
barrier, dual-materials design with different failure
modes for the waste package. Thus, this system
protects and slows the degradation of the waste
form and the subsequent release and transport of
radionuclides to the natural barrier for thousands of
years, allowing for a reduction in radiation sources
through radioactive decay. This, in turn, contrib-
utes to a reduced peak dose rate. Thus, the waste
package component of the engineered barrier
system works in concert with the natural geologic
setting to delay, dilute, and diffuse radionuclide
releases to the biosphere. If necessary, perfor-
mance of the waste packages may be enhanced by
the addition of drip shields, backfill, and ceramic
coatings to prevent dripping water from contacting
waste packages and to further delay corrosion of
the dual-barrier waste packages. The engineered
barrier system interfaces with the natural barrier,
the subsurface facility system, and the ground
control system. The engineered barrier system is
discussed further in Section 5. Design options
being evaluated, which may enhance the perfor-
mance of the engineered barrier system, are
discussed in Section 5.3. Major alternatives to the
engineered barrier system design under consider-
ation are discussed in Section 8. Options and/or
alternatives will be used to modify the design, as
appropriate, based on the work to be completed
between VA and submittal of an LA (see Volume
4, Section 3.2).
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Performance Confirmation System. The perfor-
mance confirmation system acquires pertinent data
associated with verifying the near-term and the
long-term performance of the repository. It will
verify that the natural and engineered systems and
components are functioning as intended. The sys-
tem will operate from the site characterization
phase to the point of closure of the subsurface
repository. This system operates in the subsurface
repository acquiring and transmitting data to the
surface. The performance confirmation system
also operates on the surface acquiring data, con-
ducting field and laboratory experiments, and ana-
lyzing data acquired from surface and subsurface
operations. The system will provide data on the
thermal, hydrologic, mechanical, and chemical
changes that the repository will experience during
the preclosure period. The performance confirma-
tion system evaluates the accuracy and adequacy of
the information used to determine that the reposi-
tory will perform as expected in the long term (see
Section 4.4). Portions of the performance confir-
mation system are discussed in Sections 4.2.5.3
and 5.1.4.

Subsurface Closure and Sealing System. The
subsurface closure and sealing system provides
closure barriers and seals for the underground
openings, including surface and subsurface bore-
holes. Closure and sealing of such openings serve
to minimize the amount of water capable of enter-
ing the repository host horizon through such open-
ings, thus extending waste package lifetimes and
delaying onset of waste form degradation. The
system includes equipment and seal materials. The
subsurface closure and sealing system helps to
limit the amount of gases released from the reposi-
tory into the biosphere. The system also serves to
discourage human intrusion in the postclosure
period.

The seal materials meet requirements for degrada-
tion, permeability, environmental conditions,
chemical content, and pH levels consistent with
ensuring acceptable performance assessment so
that the seals will not serve as preferential path-
ways that could compromise overall repository
performance. The subsurface closure and sealing
system is discussed in Section 4.3.

1.2.1.2 Systems Contributing to Worker/

Public Health and Safety

Ground Control System. The ground control sys-
tem limits the size, frequency, and extent of rock-
fall occurring in the underground openings,
including access, ventilation, and emplacement
drifts during the operational and monitoring peri-
ods for the Monitored Geologic Repository. Thus,
the system provides protection for workers and the
waste packages. The system also controls the rate
of closure of openings caused by geomechanical,
thermomechanical, and excavation effects, thus
helping to extend the performance monitoring
period and preserve the option to retrieve the waste
should such retrieval prove necessary or desirable.

The system includes combinations of precast
concrete lining, cast-in-place concrete lining, steel
sets and lagging, and rockbolt and mesh supports.
The ground control system provides protection to
workers and equipment during the operations
period. The system is designed to provide robust
support with minimal maintenance requirements
during the preclosure period, thus supporting

performance confirmation activities. The use of
steel sets and steel lagging for ground support in
certain emplacement drifts facilitates the collection

of additional geologic information. The ground
control system interfaces with the subsurface
facility system, the engineered barrier system, the
waste emplacement system, the subsurface ventila-
tion system, and the waste retrieval system. The
ground control system is discussed further in
Section 4.2.2. The performance of the system is
discussed in Sections 2.4 of Volume 3. Major
alternatives to the ground control system design
under consideration are discussed in Section 8 of
this volume.

Subsurface Ventilation System. The subsurface
ventilation system is segmented into two, separate
and independent subsystems. Moveable air locks
are used to segment the emplacement-drift airflow
from the development-drift airflow. The use of
moveable air locks allows the boundary separating
the two to be easily moved, as needed. The devel-
opment side subsurface ventilation subsystem per-
forms no nuclear safety function. It provides air
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and ventilation for excavation and development of
emplacement drifts prior to waste package
emplacement. The emplacement side subsurface
ventilation subsystem provides ventilation for
emplacement drifts that have been loaded with
waste packages. The subsystem uses redundant
fans (located on the surface) to maintain an air flow
path that draws air from areas of less potential con-
tamination to areas of greater potential contamina-
tion while monitoring the air for radioactive
particulate matter. Upon detection of such particu-
lates, the air flow is directed through redundant
high-efficiency particulate air filters designed to
remove and isolate such contaminants from the air
prior to its release to the biosphere. Movement of
air, heated by waste packages, through the
emplacement drifts also helps to remove moisture
contained in drifts and the rock mass and thus low-
ers humidity. This may contribute to the delayed
onset of corrosion of the outer layer of the waste
packages and subsequent degradation of the waste
form. Prior to and during any waste retrieval oper-
ations, the subsurface ventilation system would be
used to reduce the temperature inside the drifts.
The subsurface ventilation system is discussed fur-
ther in Section 4.2.4. Major alternatives to the sub-
surface  ventilation system design  under
consideration are discussed in Section 8.

Waste Emplacement System. The waste
emplacement system transports loaded and sealed
waste packages from the North Portal of the Waste
Handling Building to the subsurface emplacement
drifts. System components include the following:
electrically powered transport locomotives capable
of manual and remote operations; a radiologically
shielded 168-ton waste package transporter; and an
electrically powered, remotely operated emplace-
ment gantry which takes the waste package from
the waste package transporter and places the waste
package within the drift. Shielding on the waste
package transporter and the capability for remote
operations help to control worker radiation expo-
sures. The waste emplacement system interfaces
with virtually all other major subsurface systems.
Components of the system are discussed in
Section 4.2.3. Activities associated with the waste
emplacement system are discussed in Section 6.2.

Major alternatives affecting the waste emplace-
ment system design are discussed in Section 8.

Waste Retrieval System. The waste retrieval sys-
tem removes some or all of the waste packages
from the emplacement drifts and transports the
waste packages to the surface should such retriev-
able prove necessary or desirable. The system pre-
pares the emplacement drift for retrieval and
acquires the necessary waste package information
and prepares the waste packages for transportation
and transports them to the surface. The waste
retrieval system restores the emplacement drift
condition, as necessary, and inspects and services
radiological systems prior to removal of waste
packages. By maintaining the capability to remove
all or any portion of the waste packages, the waste
retrieval system is a potential contributor to the
protection of the public health and safety during
the operations and monitoring periods. The system
interfaces with the subsurface facility system, the
subsurface ventilation system, the ground control
system, and the surface waste handling facilities.
The waste retrieval system 1is discussed in
Section 4.2.7.

Subsurface Central Control System. The
subsurface central control system provides the
capability to operate remotely both nuclear- and
non-nuclear-related systems. The operation of this
system 1is critical to the safe conduct of repository
operations. This system 1is discussed in
Section 4.2.5.

1.2.2 Waste Package

The engineered barrier system is one of the critical
elements of the repository. Performance assess-
ments have demonstrated that the amount of water
contacting the waste packages is the most impor-
tant determinant in assessing the ability of the site
to contain high-level radioactive waste.

The primary component of the engineered barrier
system is the waste package. The waste package
has been designed to take advantage of locating the
repository host horizon above the water table in the
unsaturated zone, which consists of relatively dry
rock. As long as the waste packages remain intact,
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the waste will be contained completely within the
packages and prevented from contact with the host
rock, air, or groundwater. A number of waste
package designs have been developed to accom-
modate the variability in waste forms, sizes, and
nuclear characteristics. Each has been evaluated
and designated Bin 3 because of the importance of
waste package designs to long-term repository
performance and the lack of licensing precedent.
The concept of binning is developed more fully in
Section 2.3. Waste package designs and materials
selection are discussed in Section 5. The waste
packages are significant cost contributors.

Important To
Waste Package Preclosure
System Safety
Waste Package X
and Supports

Important to
Postclosure

Performance
X

Over the repository lifetime, the waste package
containment barriers will perform various func-
tions that will change with time. The engineered
barrier system begins performing its function of
containing the waste during the 100-year-or-longer
preclosure phase, supplemented by engineering
and institutional controls required for handling,
emplacing, and, if necessary, retrieving the waste.
During the first several thousand years following
repository closure, the containment barriers alone
will either contain radionuclides completely or
impede the transport by water of any radionuclides
from waste packages that may have breached.
However, even breached containment barriers are
expected to inhibit the movement of water into and
out of the waste packages, thereby limiting the
transport of radionuclides to the biosphere.
Detailed descriptions of the waste package func-
tions and designs are presented in Sections 3.3 and
5.1, respectively. The waste containment function
is divided into the following subfunctions:

¢ Confine the waste

* Limit the radionuclide release to the natural
barrier

e Limit the radionuclide release to the acces-
sible environment

« Limit the natural and induced environmental
effects

1.2.3  Surface
This section provides descriptions of the signifi-
cant waste handling facilities, systems, and equip-
ment located in the radiologically controlled area.
The radiologically controlled area is located within
the Monitored Geologic Repository site controlled
area, and refers to that surface area protected by
fences and security systems where the radiological
waste shipments are handled and the site-generated
low-level radioactive water is processed.

The surface waste handling facilities perform the
primary functions required to safely receive and
prepare the waste shipped to the site, load the
waste into disposal containers (waste packages),
prepare them for underground transport and
emplacement, and package the site-generated low-
level radioactive waste for disposal offsite.

The production requirements for the waste han-
dling operations are to receive the waste shipments
at a rate defined by the shipping schedule, and to
load the waste in disposal containers at a rate
defined by the emplacement schedule. During the
waste preparation activities, the shipping casks
containing the waste will be handled inside and
outside the facilities. The waste forms inside the
casks, including spent nuclear fuel assemblies and
canisters of waste, will be removed from the casks
and loaded into disposal containers in the Waste
Handling Building. The canisters and disposal
containers holding waste are radioactive beyond
the limits of direct contact by operating personnel.
The facilities associated with handling the waste
will be designed to shield the operating personnel
from radiation and to prevent the release of radio-
active effluents to the environment and the public.
The facilities and systems associated with these
operations will be designed to perform these opera-
tions during normal and off-normal events. Off-
normal events will include the design basis for the
repository and include loss of power, earthquake,
flood, fire, and extreme weather conditions. In
summary, the repository surface facilities must per-
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form the following critical functions during the
waste emplacement operations phase:

* Receive and prepare the waste for loading
into disposal containers

* Prepare empty transportation casks for return
to waste generators

* Load the waste into disposal containers, seal
and test the containers

* Maintain the waste receipt and emplacement
schedules

* Protect the operating personnel, environ-
ment, and public from radiation and hazard-
ous substances

* Collect and package site-generated low-level
radioactive waste and hazardous wastes for
subsequent disposal offsite

¢ Maintain safe conditions and radiation
confinement during normal, off-normal, and
design basis events

There are 22 major systems that make up the sur-
face repository architecture, of which four are
expected to have a radiological safety or other reg-
ulatory interest, without regulatory precedent.

Important To
Preclosure Safet
X

Surface System
Canister Transfer System
Assembly Transfer System
Waste Package Disposal Container
Disposal Container Handling System

None of the surface facilities’ systems play a role
in long-term performance of the repository.
Detailed descriptions of surface systems functions
and designs are presented in 4.1,

Canister Transfer System. The canister transfer
system will receive shipping casks containing large

and small disposable canisters, transfer the canis-
ters from the casks into disposal containers, and
prepare the empty casks for reshipment. Two iden-
tical remotely operated and shielded canister trans-
fer lines will be provided in the Waste Handling
Building. The lines will be operated concurrently
to handle canistered waste transfer throughput.
Each cask preparation area will include an airlock,
a cask preparation station, and a cask decontamina-
tion station.

Assembly Transfer System. The assembly trans-
fer system will be located in the Waste Handling
Building. The system will receive and cool ship-
ping casks in preparation for handling in the pool.
In the pool, spent nuclear fuel assemblies will be
removed from the casks and nondisposable canis-
ters will be cut open. The spent nuclear fuel
assemblies will be transferred into baskets and
stored or will be sent to the dryers, after which the
assemblies will be loaded into disposal containers.

Waste Package and Disposal Container Remedi-
ation System. The waste package remediation
system will receive retrieved waste packages that
were damaged from the disposal container han-
dling system and perform operations required to
repair the containers. The system will be located in
the Waste Handling Building.

Disposal Container Handling System. The sys-
tem will prepare empty disposal containers for
loading, receive full disposal containers from the
assembly transfer system and canister transfer sys-
tem, weld, test, and inspect the containers, and
transfer them to the waste emplacement system.
The system will be located in the Waste Handling
Building and will include the areas for empty con-
tainer preparation, welding, waste package staging,
tilting, decontamination, transporter loading, oper-
ating galleries, and equipment maintenance. The
waste packages will be prepared and loaded onto
the transporter within a shielded cell that will be
supported by a remotely operated horizontal lifting
system, decontamination equipment, manipula-
tors, and a horizontal transfer cart.
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2. DESIGN PROCESS

2.1 GENERAL DESIGN PROCESS

This section describes the progression of the repos-
itory and waste package designs, as well as signifi-
cant elements of the design process itself. These
elements. include the decision-making and
decision-documenting process and the quality
assurance requirements imposed on the design.

2.1.1  Evolution of the Repository Design

2.1.1.1 Site Characterization Plan
Conceptual Design

The Site Characterization Plan - Conceptual
Design Report (SNL 1984) describes the first com-
plete conceptual design of the repository, now
referred to as the Monitored Geologic Repository.
The design is summarized also in the Site Charac-
terization Plan, Yucca Mountain Site, Nevada
Research and Development Area, Nevada
(DOE 1988b, Chapter 6, Volume III, Part A). This
conceptual design served as a basis for guiding the
site characterization plan before conducting exten-
sive exploratory work. The objective was to col-
lect  site  characterization data  without
compromising the waste isolating capabilities of
the site.

The Site Characterization Plan Overview further
described features of this first conceptual design,
which included relatively small-capacity, single-
material waste packages with thin walls. These
waste packages were designed for disposal of
intact fuel assemblies (Phase 1), consolidated spent
nuclear fuel (Phase 2), and high-level radioactive
waste. The surface waste handling facilities were
likewise divided into a Phase 1 building that pro-
duced the intact assembly packages and a Phase 2
facility in which spent nuclear fuel rods were con-
solidated and packaged for disposal (DOE 1988a,
pp. 34-38).

As described in the Site Characterization Plan
Overview, drilling and blasting were the primary
methods proposed for excavating the repository.
The main ramp accesses and main drifts were the
only subsurface features planned to be mechani-
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cally excavated. All waste packages were to be
hauled underground by diesel-powered equipment.
The access ramp gradients were relatively steep;
the waste transport ramp was just under 9 percent
and the mined rock ramp was slightly under
18 percent.  Gradients for the subsurface main
drifts and emplacement panels ranged from 4 to
6 percent. The waste packages were to be placed
in vertical boreholes drilled into the floors of the
emplacement drifts (DOE 1988a, pp. 38-42).
2.1.1.2 Important Design and Construction
Decisions Subsequent to the Site
Characterization Plan

After the Site Characterization Plan, Yucca Moun-
tain Site, Nevada Research and Development Area,
Nevada was published in 1988 (DOE 1988b), sev-
eral significant design- and construction-related
decisions led to the repository and waste package
designs presented in this document as the VA refer-
ence design.

Use of Mechanical Excavation Methods. In the
First Report to the U.S. Congress and the U.S.
Secretary of Energy, the Nuclear Waste Technical
Review Board recommended that mechanical
excavation methods be used to construct the repos-
itory (NWTRB 1990). This recommendation
reflected the Board's desire to minimize distur-
bance of the host rock and to produce a more cost-
effective design (NWTRB 1990, p. 33). This
recommendation led the design to emphasize the
development of long, parallel emplacement drifts
and main drifts with both straight and slightly
winding alignments. Curves were widened and
sharp corners were eliminated because the tunnel
boring machines could not make sharp turns.

Inclusion of Multipurpose Canister Transfer
Capability. The second significant development
was the introduction of the multi-purpose canister
concept in 1992 and its adoption by the Office of
Civilian  Radioactive =~ Waste =~ Management
(OCRWM) in 1994 (CRWMS M&O 1996b, Mined
Geologic Disposal System Advanced Conceptual
Design Report, Volume II, pp. 8-50). Before the
introduction of the multi-purpose canister, it was
planned that commercial spent nuclear fuel would
arrive at the repository in relatively small transport
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casks holding four to nine spent nuclear fuel
assemblies. Individual assemblies would be trans-
ferred from the transport casks into waste packages
one at a time. The multi-purpose canister,
however, introduced the concept of transporting a
larger number of fuel assemblies, either 21 pressur-
ized-water reactor or 40 boiling-water reactor
assemblies, in a single canister. The concept called
for transferring the loaded canister directly into a
waste package if the canister was approved for
such use by NRC during the licensing process
(CRWMS M&O 1996b, Mined Geologic Disposal
System Advanced Conceptual Design Report,
Volume II, p. 8-56). This concept eliminated the
need to handle individual spent nuclear fuel assem-
blies received at the repository in such canisters.
The multi-purpose canister package is also much
heavier and has a much higher heat output than the
previous small waste package design (CRWMS
M&O 1996b, Mined Geologic Disposal System
Advanced Conceptual Design Report, Volume II,
pp. 8-56, 8-57). Two dry canister transfer cells are
included in the VA reference design to handle
disposable canisters.

Elimination of Rod Consolidation. A major
change in the concept of waste handling and design
requirements of the surface waste handling facili-
ties was the decision not to pursue rod consolida-
tion. Rod consolidation involves the disassembly
of the individual spent nuclear fuel rods from the
assemblies. The fuel rods are removed from the
matrix hardware that holds them at the proper spac-
ing within the assembly. Theoretically, this allows
the rods to be bundled together in a smaller space.
However, industry tests with rod consolidation at a
few reactor sites, pursuant to 10 CFR 50.59, were
viewed by the utilities as disappointing, particu-
larly with regard to compaction ratios. Also, the
irradiated hardware must be handled, packaged,
and disposed of, and the process of taking the
assemblies apart creates additional radiological
concerns with resulting cleanup requirements. The
decision not to pursue rod consolidation meant that
the disposal container and waste handling facility
designs would incorporate only the handling and
disposal of intact spent nuclear fuel assemblies.
This is seen as a simpler and cleaner operation.
While the repository may receive a small amount

of spent nuclear fuel consolidated at a few reactor
sites, the rods will be received in sealed containers
that can be accommodated by the reference design
without the need for special handling equipment.

Development of Thick-Walled Multibarrier
Waste Packages. The design philosophy for the
waste package changed in 1993 with the start of the
advanced conceptual design and development of a
waste containment strategy. The design focused on
the concept of maximizing the amount of fuel in
each waste package and developing a robust waste
package design that could be demonstrated through
analysis to have a very long life. Maximizing the
amount of fuel per package minimizes the number
of containers that must be purchased, loaded,
sealed, tested, and emplaced. Developing the
thick-walled, multi-barrier container with different
degradation characteristics for each layer of wall
material provides a robust engineered barrier
design that works in concert with the characteris-
tics of the natural barrier in the unsaturated zone to
provide long-term containment of the wastes
within the waste package.

Surface Waste Handling Systems Design. The
surface waste handling concepts have evolved sig-
nificantly. The elimination of rod consolidation
simplified the waste handling process. The surface
waste handling design presented in the advanced
conceptual design involved a “dry” process in
which fuel assemblies were removed from the
transportation casks in a fuel assembly transfer cell
and placed directly into the disposal container.
Since the advanced conceptual design, an evalua-
tion of this handling process has resulted in the
addition of pools for transport cask unloading.
Fuel assemblies are removed from the transporta-
tion cask underwater in a pool similar to those
licensed by NRC and used at nuclear power plants.
This “wet” handling process uses water for radio-
logical shielding, contamination control, and heat
dissipation. Unloading fuel in pools also provides
greater flexibility in handling casks of different
design that might evolve in the future. The pools
also serve to facilitate recovery operations that
might be necessary with regard to the spent nuclear
fuel and/or the transportation casks. After unload-
ing in the pool, the fuel assemblies are transferred
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to a fuel assembly transfer cell for drying and sub-
sequent insertion into disposal containers.

Waste Package Design. The waste package
described in the site characterization plan was a
relatively thin-walled (5/8 in. thick) single material
container. The current container is much thicker
(4.8 in.) and consists of two distinctly different
metals. Two lids, an inner and an outer, must be
welded separately onto each container. The thick-
ness of the outer barrier requires a large amount of
weld material to seal the container. The long weld-
ing time required for each container, coupled with
the requirement that the welding be performed and
inspected by remote means, makes this process a
significant design feature.

Repository Subsurface Design. The repository
subsurface layout evolved through several configu-
rations in the early 1990s. The Exploratory Studies
Facility ~ Alternatives  Study;  Final Report
(SNL 1991) produced 34 layout options for evalua-
tion. The result of a parallel effort investigating the
risks and benefits of exploring the Calico Hills
units was also integrated into the Exploratory Stud-
les Facility Alternatives Study; Final Report.
Although this study focused on various concepts
for the exploratory facility, it also addressed the
requirements of 10 CFR 60.21(c)(1)(ii)(d). This
regulation requires DOE to evaluate options for
repository features that are important to waste iso-
lation. Option 30 emerged as the preferred option.
Option 30 consisted of two access ramps connected
by a main drift at the repository level, a test area
near the south end of the block, and additional
exploratory drifting in the underlying Calico Hills
geologic unit (SNL 1991, Volume I, Table 2).

Shortly after the Exploratory Studies Facility
Alternatives Study; Final Report was released, the
Option 30 concept was slightly modified to show
the location of the testing area at the north end of
the block. The modified concept, which is
described in Documentation of the Evaluation of
Findings of the ESF Alternatives Study Used to
Develop a Reference Design Concept (YMP 1991),
was used as guidance for initiating Title T (prelimi-
nary) design of the Exploratory Studies Facility.

2-3

The design of the Exploratory Studies Facility pro-
ceeded on the basis of the modified Option 30 into
fiscal year 1993. The advanced conceptual design
of the Monitored Geologic Repository began in fis-
cal year 1993. Development of the multi-purpose
canister concept also was underway at this time. In
1993, the repository designers determined that it
would be difficult to develop a subsurface waste
transportation system for these large, heavy waste
packages based on conventional rail and trans-
porter design because of the steep ramps planned
for the Exploratory Studies Facility. Because these
ramps are intended to be the primary accesses to
the repository, the Exploratory Studies Facility
design was modified to eliminate steep ramps. The
rationale for this design is documented in the
Description and Rationale for Enhancement to the
Baseline ESF Configuration (CRWMS
M&O 1993).

Another reason for changing the design was to
reduce the cost of the underground transport sys-
tem by making the ramps and main drifts compati-
ble with a standard rail haulage system. Avoiding
Type I faults and achieving greater separation
between the repository and the saturated zone also
were important factors. The repository-level con-
figuration described in Description and Rationale
Jor Enhancement to the Baseline ESF Configura-
tion (CRWMS M&O 1993, Figure 2, p. 9) formed
the basis for the Exploratory Studies Facility
tunnel.

The evolution of the subsurface repository design
continued with the release of the Mined Geologic
Disposal System Advanced Conceptual Design
Report (CRWMS M&O 1996b). This layout was
based on the revised Exploratory Studies Facility
layout and incorporated low-gradient ramps and
main drifts. The emplacement drifts were essen-
tially flat, with only a slight gradient down to the
main drifts to promote gravity drainage of any
water seepage into the emplacement drifts
(CRWMS M&O 1996b, Volume 11, p. 8-123). The
waste packages were to be placed in two emplace-
ment-drift “blocks,” a larger upper block, located
at the level of the existing main drift, and a smaller
lower block, located east of the upper block and
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about 65-70 m (213-229 ft) lower (CRWMS
M&O 1996b, Volume II, p. 8-77).

The subsurface repository design described in this
VA document represents a more optimal and cost
effective version of the design presented in the
Mined Geologic Disposal System Advanced Con-
ceptual Design Report (CRWMS M&O 1996b).
The most significant changes include the follow-
ing:

e Eliminates the need for and cost of
excavating the lower block by developing a
more efficient layout in the upper block and
incorporating a slightly different waste
emplacement philosophy

« Uses an emplacement gantry to place waste
packages on steel supports supported by
concrete piers within the emplacement drifts
instead of using more expensive rail cars for
such support

Eliminates a 9-m-diameter, 4,000-m-long
(30-ft-diameter, 2.5-mile-long) drift and
associated costs by changing the proposed
method for launching the tunnel boring
machines

Relocates the exhaust main below the level
of the emplacement drifts so that the exhaust
main can not serve as a pathway for water
seepage into the emplacement drifts

The focus supporting the VA reference design is
the repository safety strategy, discussed in
Volume 4, which provides the focus for future
design work leading to preparation of a license
application.

2.1.2 Decision-Making in the Design Process
The design process, particularly in the conceptual

and preliminary design phases, involves the fol-
lowing:

« Establish required functions

24

« Establish acceptance criteria, requirements
and constraints, and interfaces with other
systems

o Identify options and concepts for a design
solution

+ Evaluate quantitatively the degree of feasi-
bility, functionality, cost and efficiency for
each option and design concept

o Select option and design concept and
document decision

As part of the design control process, the rationale
for selecting the preferred option is documented in
technical reports or design analyses, and the
selected option is depicted visually on engineering
OCRWM NRC-approved quality assurance pro-
gram, these documents are subject to project-spe-
cific checking and review procedures to ensure that
the decision bases are examined and evaluated by
personnel other than the originator. These decision
documents are released only after the quality assur-
ance requirements for review and approval are sat-
isfied. During the development of the conceptual
design for the subsurface repository, the decision-
making process ranged from very detailed and for-
mal decision-making methods, such as those
described in the Exploratory Studies Facility Alter-
natives Study; Final Report (SNL 1991, Volume II,
Section 2), to simpler methods that involved sub-
jectively ranking options against various criteria
and selecting the preferred option based on the tab-
ulation of numerical rankings.

2.1.3 Quality Assurance in the Design
Process

This section discusses aspects of the implementa-
tion of an effective design control process within
the overall quality assurance program as part of the
NRC Key Technical Issue on Repository Design
and Thermal-Mechanical Effects (NRC 1997¢c). A
discussion of the key technical issue is located in
Section 4.3.3.6 of Volume 4. The design control
process has been the subject of several DOE-NRC
interactions, and DOE considers the design control
process adequate to support the development of the
design for the LA.
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The VA reference designs for the repository and
waste package have been developed in accordance
with a nuclear quality assurance program that
complies with Subpart G of 10 CFR 60.
10 CFR 60.152 requires that DOE implement a
program that complies with the criteria of
Appendix B of 10 CFR 50. The DOE has
complied with these requirements by preparing the
Quality Assurance Requirements and Description
for the Civilian Radioactive Waste Management
Program (DOE 1998c), which contains informa-
tion on each criterion in Appendix B of 10 CFR 50.
DOE and its contractors have also developed indi-
vidual procedures that must be followed to imple-
ment the project quality assurance program.

Quality assurance requirements are imposed only
on those Yucca Mountain Project (YMP) activities
that are important to radiological safety or waste
isolation (quality-affecting). When a work activity
is planned, it is evaluated for quality assurance pro-
gram applicability. If the activity is quality-affect-
ing, it is carried out in accordance with the quality
assurance program. If it is a non-quality-affecting
activity, it is executed using a parallel set of non-
quality-affecting procedures.

The activity of preparing the VA was evaluated, as
required, and was found not to be a quality-affect-
ing activity. The basis for this decision is that the
VA represents a compilation and summary of other
bodies of work. Individual pieces of work that are
quality-affecting were performed in accordance
with applicable quality assurance requirements and
procedures. The VA, however, in its capacity as a
summary level informational document, does not
fulfill a quality-affecting function. Quality-affect-
ing information cited in the VA is traceable back to
the referenced originating document.

2.2 NUCLEAR SAFETY ANALYSES

Engineering designs are evaluated to determine
their efficacy. The designs are subdivided into
structures, systems, and components. Certain
structures, systems, and components perform func-
tions related to nuclear safety while others do not.
Strict quality assurance standards are applied to
structures, systems, and components that support
functions important to radiological safety. Analy-

ses are performed for structures, systems, and com-
ponents whose failure, from a credible event, could
compromise radiological safety or waste contain-
ment. The results of these analyses are evaluated.
Nuclear safety requirements and analyses are dis-
cussed in Volume 4, Section 2.

Nuclear safety applies to the Monitored Geologic
Repository during the preclosure phase, and waste
isolation applies to the postclosure period. For the
preclosure phase, nuclear safety is generally con-
sidered to address radiological protection of work-
ers and the general public and is discussed in terms
of safety analyses for design basis events. For the
postclosure period, waste isolation is considered to
address radioactive releases to the biosphere and
the results of analyses are termed performance
assessments. Postclosure performance assessments
are discussed in Volume 3.

2.2.1 Nuclear Safety Analyses During the
Preclosure Period

Design basis events are defined by 10 CFR 60 as
those natural and human-induced events that may
occur before permanent closure of the facility.
Analyses of design basis events are used to quanti-
tatively define and evaluate the ability of the repos-
itory system and its components to protect the
offsite general public and worker health and safety
from radioactive waste according to applicable reg-
ulatory criteria. These analyses are used to evalu-
ate preclosure radiological safety by identifying
structures, systems, and components that are
important to radiological safety and the required
mitigating functions.

Analyses are ongoing to define and evaluate repos-
itory preclosure design basis events to identify
structures, systems, and components that are
important to radiological safety, required mitigat-
ing functions, and administrative limits (e.g., tech-
nical specifications). Design basis events are
identified and analyzed to support the repository
design schedule (i.e., limit or eliminate redundancy
with other work elements and support near- and
long-term schedule commitments). Wherever pos-
sible, existing methods and regulatory precedent
have been identified and incorporated into the
design effort.
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The safety analyses of identified design basis
events require that mathematical and analytical
models of processes and events be developed,
whether the design basis events are induced by
nature or by the construction and operation of engi-
neered components. The complexity of the inter-
actions, as well as the unavoidable incompleteness
of data, requires that uncertainty and variability be
incorporated into each of the models.

The following sections discuss the work accom-
plished to assess the behavior of the repository
operating systems in the preclosure phase, as well
as plans to determine the adequacy of those analy-
ses prior to submittal of the LA.

2.2.1.1 Design Basis Events

Once a design basis event is identified, its credibil-
ity is determined on the basis of frequency.

Table 2-1 categorizes design basis events by fre-
quency in accordance with 10 CFR 60.

If a design basis event is determined to be not cred-
ible, then no further analysis is required. If the
event is determined to be credible, it is categorized
in accordance with the 10 CFR 60 definition, and
an analysis is performed to determine whether the
dose limits associated with the applicable category
can be met. Category 1 events (those with a fre-
quency greater than or equal to one event every
100 years) require that the sum of annual doses,
exposures, and releases not exceed limits specified

in 10 CFR 20 for the public and repository work-
ers. Category 2 events (those with a frequency less
than one event every 100 years to greater than or
equal to once every 1 million years) require that the
consequences of a specific Category 2 design basis
event not exceed dose limits for the public beyond
the preclosure controlled area, as specified in
10 CFR 60. Seismic event frequencies are catego-
rized differently from other design basis events, as
determined by the Preclosure Seismic Design
Methodology for a Geologic Repository at Yucca
Mountain (YMP 1997). Frequencies of once in
1,000 years and once in 10,000 years, respectively,
are used to determine the Frequency-Category-1
and -2 design basis vibratory ground motions. The
frequency of once in 1,000 years for Frequency-
Category-1 design basis ground motion is a conser-
vative translation of “those natural and human-
induced events that are reasonably likely to occur
regularly, moderately frequently, or one or more
times before permanent closure of the geologic
repository operations area.” The frequency of once
in 10,000 years for Frequency-Category-2 design
basis ground motion is appropriate and conserva-
tive based on the observations that (1) it is compa-
rable to the frequencies of the design basis ground
motions for operating nuclear power plants in the
United States, (2) these accepted reactor design
bases and their associated design acceptance crite-
ria have resulted in acceptable safe seismic
designs, (3) design acceptance criteria that are the
same or comparable to those in reactor designs will
be used in repository design, and (4) an operating

Table 2-1. Design Basis Event Frequency Categories

Frequency

Category __Frequency

1 Greater than or equal
to once in 100 years

reasonably likely to occur regularly, moderately
frequently, or one or more times before permanent
closure of the geologic repository operations area.

_ Applicable Dose Limit

(Total Effective Dose
Equivalent)
Worker: 5 rem/year

Offsite: 0.1 rem/year

Less than once every
100 years and greater
than or equal to once

every 1 million years

Other natural and human-induced events that are
considered unlikely, but are sufficiently likely to warrant
consideration, taking into account the potential for signif-
icant radiological impacts on public health and safety.

Offsite: 5 rem/event

NC [not
credible]

Less than once every
1 million years

These events are deemed to be not credible. As a
result, no quantitative dose limits are applied, and the
events are not considered design basis events.

Not Applicable
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monitored geologic repository is inherently less
hazardous and less vulnerable to earthquake-initi-
ated events than is an operating nuclear power
reactor. Seismic event design basis ground motion
with a frequency less than once in 10,000 years is
deemed to be not credible. As a result, no quantita-
tive dose limits are applied, and the events are not
considered design basis ground motion. Seismic
event frequencies used in design basis event analy-
ses are intended for seismic design only and do not
apply to other types of design basis events.

2.2.1.2 Design Basis Event Identification
and Selection

The Preliminary MGDS Hazards Analysis
(CRWMS M&O 1996d) was used to identify haz-
ards with potential radiological consequences at
the Monitored Geologic Repository. A compre-
hensive list of both natural phenomena and human-
induced events was developed in the hazard analy-
sis by systematically analyzing operating functions
and potential energy sources that could interact to
cause potential hazards. Natural phenomena were
identified based on known or predicted geologic,
seismologic, hydrologic, volcanic, and meteoro-
logical characteristics. =~ Human-induced events
include surface, subsurface, and airborne events.
The hazards identified represent potential initiating
events and design basis event scenarios for surface
and subsurface repository operations which have
occurred in the past, are ongoing, or could occur in
the future, without regard to a specific site.

Of the events identified in the hazard analysis,
those determined to be not applicable to the preclo-
sure phase of a repository located at Yucca Moun-
tain (e.g., avalanche, coastal erosion, dam failure,
high lake level, high tide, or tsunami) do not war-
rant further evaluation because no conditions exist

that enable the event to occur. The remaining
events have been sorted first by source (externally
initiated or internally initiated), and further into
logical analysis groups. External events are those
that occur as a result of natural phenomena
(e.g., earthquake, flooding, lightning, and tornado).
Internal events are those that are tailored to internal
situations (i.e., collision, crushing, and fire). The
events in each group were determined using such

discriminators as type of initiating event, potential
waste form interaction, or location.

The internal events were identified by synthesizing
functional areas of design for the subsurface and
surface system and potential interactions that could
impact a radiological waste form (e.g., waste pack-
age, fuel assembly, and radiological waste process-
ing system components). This list of events was
generated by determining the applicability of
generic internal events that could interact with the
waste form and result in a radiological release.
Each of these events will require, either individu-
ally or in combination with other events, one or
more of the following analyses:

» Frequency analysis that categorizes whether
or not the event is Category 1, Category 2, or
beyond design basis

Nuclear safety analysis that assesses whether
a radiological release occurs as a result of
credible events (i.e., Category 1 or
Category 2 events)

Consequence analysis that evaluates whether
the radiological doses of the event are within
regulatory requirements, and if they are not,
identifies preventative or mitigative struc-
tures, systems, and components that ensure
the radiological consequences are within
regulatory requirements

Many of the events have been grouped into smaller
sets of analyses because the result of a given event
analysis will bound other events (e.g., a given con-
sequence analysis need evaluate only the worst-
case drop event, which will bound other discrete
drop events). The evaluation of each design basis
event has been prioritized in accordance with the
design prioritization process described in
Section 2.3 and scheduled to support the LA.

The analyses of design basis events will form the
radiological safety basis for the preclosure opera-
tions of the Monitored Geologic Repository.
Design basis event analyses that identify repository
structures, systems, and components that play a
role in preventing or mitigating radiological
releases in one or more design basis event will be
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used in quality assurance classification analyses to
identify the structures, systems, and components
that are important to radiological safety. In these
classification analyses, graded quality assurance
controls are established according to the impor-
tance to radiological safety of the structures, sys-
tems, and components, as identified in the design
basis event analyses.

2.2.13 Results to Date

Table 2-2 presents the design basis events under
analysis, the current status of those analyses’ rele-
vant conclusions, and the impact of the conclu-
sions.
2.2.14 Conclusions from Design Basis
Event Analyses

The potential bounding design basis event for the
repository preclosure period is a drop of a spent
nuclear fuel basket in the surface waste handling
facility (Event 6 of Table 2-2). Preliminary results
from ongoing design basis event analyses indicate

that, with the use of the high-efficiency particulate
air filtration system provided in the VA reference
design (see Section 4.2.4.2 of this volume), doses
predicted from the Category 1 spent nuclear fuel
assembly drop meet offsite dose limits at and
beyond a 5-km (3.1-mile) preclosure controlled
area boundary.

Potential bounding Category 2 design basis events
include rockfall (Event 3), seismic (Event 4), can-
ister drop (Event 7), and transporter transportation
event (Event 8), scenarios. These events have the
highest potential consequences in the event of the
postulated design basis event scenario. Using
modeling  assumptions, results show that
Category 2 regulatory dose limits can be met at and
beyond a 5-km (3.1-mile) preclosure controlled
area boundary. The radiological consequences of
the remaining design basis events applicable to the
Monitored Geologic Repository are less than those
expected from the potential bounding events. The
validity and the applicability of these preliminary
results will continue to be scrutinized in the devel-
opment of the preclosure radiological safety basis.

The design basis event analyses in progress have
used statistical data and radionuclide release mod-
els to estimate scenario frequencies and radiologi-
cal doses. Further analyses that incorporate
evolving design features, operational constraints,
and radionuclide release mechanisms will refine
and may reduce further the calculated radiological
consequences. Uncertainty assessments will iden-
tify the margins of compliance with radiological
release limits and enable elimination of unneces-
sary design margin and conservatism to reduce the
cost of protection systems in the design of the
repository. Analyses in progress and other design
basis event analyses that are required before design
completion (e.g., criticality analyses), will be per-
formed before the LA/Site Recommendation
design is completed.

The design basis event analyses presented in this
section demonstrate that preclosure operations of
the Monitored Geologic Repository will be
performed within the radiological dose limits of
10 CFR 60 and 10 CFR 20. Design activities to be
completed before the LA that may affect design
basis event-related analyses are described in
Section 3.2 of Volume 4.

2.2.2 Waste Isolation During the Postclosure
Period

Waste isolation in the postclosure period is based
on combined performance of the natural and engi-
neered systems, as described by the Repository
Safety Strategy: U.S. Department of Energy’s
Strategy to Protect Public Health and Safety After
Closure of a Yucca Mountain Repository
(DOE 1998b).  Engineering measures may be
selected to control water contacting the waste
packages, limit the rate of waste package corro-
sion, and retard transport of radionuclides from the
waste packages through the engineered barrier
system. These same waste package and engineered
barrier system design features also serve other
functions during the preclosure phase, including
radiation shielding to limit adverse effects of radi-
olytic induced reactions, maintaining dry condi-
tions during the thermal period, (i.e., the time
period of high rock temperature in the region
surrounding the emplacement drifts), and limiting
the maximum temperature of the spent nuclear fuel
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Aircraft Crash

Table 2-2. Preclosure Design Basis Event Analysis Summary

Conclusion

An analysis of aircraft events is
ongoing.

Analysis results indicate the scenario frequency (i.e., aircraft
crash into operations area where vulnerable radiological
material is located) is less than one event per 1 million years,
classifying this event as a beyond design basis event in accor-
dance with 10 CFR 60.

Rainstorm-Related
Events

An analysis of rainstorms, debris
avalanching, flooding, and
landslides is ongoing.

Underground facility entrances are above the probable
maximum flood level. Although some radiologically controlled
areas of the surface facilities may be located in the probable
maximum flood zone, the floor level of these areas is designed
to be above the flood level. Debris avalanching and landslides
will not impact underground or surface facilities.

Rockfall/Ground
Support Fall

An analysis has been completed to
determine releases and conse-
quences from an assumed rockfall
within an open emplacement drift.

Dose requirements are met at a 5-km preclosure controlled
area boundary without particulate filtration. The margin for
meeting dose requirements increases at greater distances
from the location of the radionuclide release due to dispersion.

Seismic Events

Frequency-category-1 and -2 earth-
quakes are currently being analyzed
to determine the structures,
systems, and components that must
be able to perform their important to
radiological safety function during
and after a seismic event.

Frequency-category-1 and -2 earthquakes are those that are
expected to occur once in 1,000 years and once in 10,000
years, respectively. Calculated consequences are compared
to design basis event Category 1 dose consequences for
seismic frequency-category-1 events, and Category 2 dose
consequences for seismic frequency-category-2 events.
Preliminary analyses have determined the structures, systems,
and components that must maintain their important to radio-
logical safety function during and after a frequency-category-1
or -2 seismic event.

Ashfall (from
volcanoes)

The worst-case event currently
being analyzed is an ashfall of 3cm
at the repository site.

The postulated scenario frequency that could produce a worst-
case ashfall is less than one event per 100 years but greater
than once in 1 million years, classifying this event as a
Category 2 design basis event in accordance with 10 CFR 60.
Results from the ongoing analysis indicate that repository
structures will not be impacted by the 3-cm ashfall loading.
Note: An onsite volcanic event has been determined to be a
beyond-design-basis event for the preclosure period. Results
of volcanic activity during the postclosure period are presented
in Volume 3, Section 4.4.2.

Spent Nuclear
Fuel Assembly
Events (i.e., drop,
slapdown, drop
onto sharp object,
and collision)

The worst-case event currently
being analyzed is a drop of a basket
of four spent nuclear fuel assem-
blies onto another basket of 4 spent
nuclear fuel assemblies with 8
assemblies damaged.

The calculated scenario frequency is greater than one event
per 100 years, classifying this event as a Category 1 design
basis event in accordance with 10 CFR 60. High-efficiency
particulate air filtration will mitigate the dose to and offsite dose
limits at the preclosure controlled area boundary.

Canister Transfer
System Events
(i.e., drop,
slapdown, drop
onto sharp object,
and collision)

The worst-case event currently
being analyzed is a drop of one
vertically oriented vitrified high-level
radioactive waste canister onto
another canister. Both canisters are
damaged equally. As radiological
source terms become available, a
drop event for DOE-owned spent
nuclear fuel may be determined to
be the bounding event for this
system.

The calculated scenario frequency for a vitrified high-level
radioactive waste canister is less than one event per 100 years
but greater than once in 1 million years, classifying this event
as a Category 2 design basis event in accordance with 10 CFR
60. The dose requirements are met at a 5-km preclosure
controlled area boundary without particulate filtration. If it is
determined in the future that a drop of DOE-owned spent
nuclear fuel is the bounding event for this system, high-
efficiency particulate air filtration is expected to maintain offsite
and worker doses within regulatory limits.
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Table 2-2. Preclosure Design Basis Event Analysis Summary (Continued)

Event Analyzed : o : Conclusion

Transporter Trans- | The worst-case eventis assumedto | The calculated event frequency is less than one event per 100
portation Event begin while the transporter is years but greater than once in 1 million years, and is classified
traveling down the North Ramp into | as a Category 2 design basis event in accordance with 10 CFR
the repository, impact a repository 60. Dose requirements are met at a 5-km preclosure
wall, and release radioactive partic- | controlled area boundary without particulate filtration.
ulates.

Waste Package The worst-case event currently The calculated scenario frequency is less than one event per
Handling System being analyzed is a drop of one 100 years but greater than once in 1 million years, classifying
waste package from beyond its this event as a Category 2 design basis event in accordance
designed drop height. with 10 CFR 60. Dose requirements are met at a 5-km
preclosure controlled area boundary without particulate
filtration.

Shipping Cask The worst-case event currently The calculated scenario frequency is less than one event per
Accident Study being analyzed is a drop of one 100 years but greater than once in 1 million years, classifying
shipping cask. this event as a Category 2 design basis event in accordance
with 10 CFR 60. Shipping casks are licensed according to

10 CFR 71. Postulated normal conditions of transport and
hypothetical accident conditions of 10 CFR 71 are expected to
bound any design basis events postulated for Monitored
Geologic Repository operations. Therefore, there is no
expected radiological exposures associated with the receipt of
shipping casks.

Tornado/High The worst-case event currently Preliminary results indicate the calculated scenario frequency
Wind being analyzed is a tornado wind- is less than one event per 100 years but greater than once in
driven missile impact to the Waste 1 million years, classifying this event as a Category 2 design
Handling Building. basis event in accordance with 10 CFR 60. The Waste
Handling Building will be designed to withstand the effects of
tornadoes and high winds, including wind-driven missile
impacts.

Fire Hazards The worst-case event currently Preliminary results indicate the calculated scenario frequency
Analysis being analyzed is a fire that spreads | is less than one event per 100 years but greater than once in
from a surface nonradiological area | 1 million years, classifying this event as a Category 2 design
to a surface radiological area. basis event in accordance with 10 CFR 60. Fire suppression
system is designed to suppress a fire while meeting dose limits
at the preclosure controlled area boundary.

inside the waste packages. The contributions of  lars between the drifts. During cooldown and the
engineered structures, systems, and components to  post-thermal period, there will be increasing likeli-
postclosure waste isolation are discussed in the fol-  hood of water seepage into the emplacement drifts.
lowing sections. Control of water in the emplacement drifts is
important because certain types of waste package
2.2.2.1 Control of Water Contacting the corrosion may result from humidity. Transport of
Waste Packages radionuclides from the waste packages will be very
slow unless the waste is contacted by flowing
The water that enters the repository waste- — water.
emplacement drifts will vary with location and
time. During the thermal period, the penetration of ~ Ground support in the drifts, including the drift lin-
heated water into the drifts will be impeded ing, will be designed primarily to prevent rockfall
because the rock will be dry and the temperature  during the preclosure phase. Precast concrete
will be greater than the boiling point of water near  (i.e., inverts) will form the drift floor, support the
the drifts. Repository design and thermal loading  equipment used for waste package conveyance and
will determine the extent and duration for which  inspection and drift closure operations. Ground
such conditions prevail and, also, the potential for ~ support and invert components are unlikely to
drainage through the repository horizon within pil-  remain structurally intact beyond a few hundred
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years after closure. The drift lining will serve to
control seepage for as long as it remains in place.
After collapse and decomposition, lining material
will still be present in chemical constituent form
and can affect water movement within the drifts.

Engineered barrier system features such as back-
fill, drip shields, or a combination of both, are con-
sidered in the VA reference design as options.
Their purpose is to delay liquid water from coming
into contact with the waste package surface. These
options are discussed in Section 5.3.

If significant seepage into the drifts occurs, the
water inflow will come through natural fractures in
the host rock. For this water to move back into the
host rock and not accumulate in the emplacement
drifts, it must also flow through fractures. For con-
trol of water contacting the waste packages, engi-
neered measures such as those listed above could
divert water that may impinge on the package from
above. Other measures such as sumps and drain
holes can be used if necessary to promote drainage
of water from the drifts. The materials used for
ground support, invert components, backfill, and
other engineered barrier system features will be
selected to preserve the functions of engineered
measures designed to promote free drainage.
2.2.2.2 Waste Package Lifetime

The waste will be contained for as long as each
waste package remains intact. The waste packages
will consist of inner and outer barriers, designed so
that the inner barrier will be protected from oxygen
and moisture by the slowly corroding outer barrier
during the thermal period when penetration of
water into the emplacement drifts will be impeded
because the rock temperature will be greater than
the boiling point of water near the drifts. In addi-
tion, the outer barrier will provide radiation shield-
ing during the first few hundred years to limit
adverse effects from radiolytic production of
chemically aggressive compounds on the surfaces
of the packages.

Once water returns to the emplacement drift in the
form of humidity or seepage, there is the potential
for chemical interaction with introduced materials,
such as steel or concrete, to produce chemical con-

ditions conducive to waste package corrosion. The
possible reactions will depend on the reactivity of
the engineered materials and the host rock, while
the potential consequences will depend on the
abundance of the reactants and the proximity of the
reaction products to the waste packages. The same
chemical conditions that promote corrosion of the
outer barrier will not generally cause significant
corrosion of the inner barrier. Pitting and crevice
corrosion mechanisms that could affect the inner
barrier may actually occur because of micro-envi-
ronments within pits or cracks, in which chemical
conditions deviate substantially from the bulk con-
ditions of the emplacement drift. A complete
description of components and the design of the
waste package is provided in Section 5.1 of this
volume.

The time to initial waste package penetration, the
rate of subsequent corrosion, and the consequences
to waste isolation performance will be influenced
by major features of the repository design. Ther-
mal loading and drift spacing control the tempera-
ture rise in the emplacement drifts and the extent of
dryout in the surrounding rock. These conditions
affect the elapsed time to return to pre-repository
hydrologic conditions. In numerical simulations,
drift spacing also controls the tendency for conden-
sate to drain through pillars rather than flowing
toward the emplacement drifts.

2.2.2.3 Limited Rate of Radionuclide
Release

After a package inner barrier is penetrated by
mechanisms such as pitting and crevice corrosion,
it will continue to provide partial containment over
an extended period of time. Dissolution of radio-
nuclides is a direct function of the surface area of
the waste form exposed and the amount of water
that contacts the waste. The presence of intact Zir-
caloy cladding on spent nuclear fuel will reduce
significantly the surface area available for radionu-
clide release. (No credit is taken for stainless steel
cladding in conducting performance assess-
ments.) Thermal limits are placed on the perfor-
mance of the cladding to prevent oxidation that
otherwise could compromise the cladding, expose
additional surface area, and accelerate radionuclide
dissolution rates (see Sections 3.2.1 and 5). The
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chemical composition of seepage that enters a par-
tially failed waste package will be affected by the
engineered materials present in the near-field
(i.e., area that has been significantly impacted by
the excavation of the repository and the emplace-
ment of the waste). The effect on chemical condi-
tions inside the waste package will be slight at first,
but will increase gradually with time as the extent
of waste penetration increases.

Mobilization of radionuclides will result from
chemical transformation of spent nuclear fuel.
Aqueous dissolution will be limited by the intrinsic
solubility of the radionuclide species, and the rate
of dissolution will depend on the ingress of water
and oxygen. Spent nuclear fuel components may
also be transported as colloidal particles that can
form directly from dissolved components, or origi-
nate as natural minerals or engineered materials in
the emplacement drift. Thus, the materials used for
ground support and control of water contacting
waste packages may eventually contribute to radio-
nuclide transport from the waste packages.

Once radionuclides are released to the emplace-
ment drift as dissolved or colloidal species, trans-
port through engineered materials is required for
release to the biosphere. Materials that filter col-
loidal particles may contribute to retardation, but
conditions conducive to filtration may inhibit free
drainage of the drifts. Materials with high affinity
for holding radionuclides, such as iron oxides, may
contribute colloidal particles. Materials that alter
the near-field geochemical environment, such as
concrete, may promote chemical precipitation of
radionuclides, but also contribute to corrosion of
waste package materials. The capacity of the
emplacement drift for radionuclide retardation will
be minor relative to the inventory of radionuclides
present. Therefore, control of long-term perfor-
mance by engineered measures is most sensitive to
water contacting the waste and transport mecha-
nisms, such as colloidal particles that may be
increased by the presence of engineered materials.

2224 Conclusions from Postclosure Waste
Isolation Analyses

After the engineered barrier features perform their
prescribed preclosure functions (e.g., controlling

rockfall), they will remain in the emplacement
drift. Measures to control water contacting the
waste packages during postclosure will also
involve introduced materials. Materials such as
steel and concrete are chemically reactive and can
affect corrosion of waste package materials and
will affect the composition of water that eventually
contacts the waste inside breached waste packages.
Once radionuclides are released from the packages,
engineered materials will make a minor contribu-
tion to retardation, but also can contribute to colloi-
dal modes of transport. The retardation effect
could be enhanced by the addition of sorbers to the
drift inverts (see Section 5.2.2).

2.3 PRIORITIZATION OF DESIGN
ACTIVITIES (BINNING)

To focus the design effort on those elements that
are considered important to radiological safety or
waste isolation, a system for prioritizing design
work was developed so that the Monitored
Geologic Repository structures, systems, and com-
ponents would be ranked consistently. Items
important to radiological safety comprise the struc-
tures, systems, and components that provide
reasonable assurance that high-level radioactive
waste can be received, handled, packaged, stored,
emplaced, and retrieved without exceeding the pre-
closure radiological safety dose (exposure) require-
ments of 10 CFR 60. Items important to waste
isolation refer to the natural and engineered
barriers that will be relied upon for achieving the
postclosure performance objectives specified in
10 CFR 60, Subpart E. Prioritization also includes
other considerations beyond radiological safety or
waste isolation; namely whether design precedent
has been established for particular structures, sys-
tems, and components in previous licensing
actions.

Prioritization of structures, systems, and compo-
nents design work is established through the
assignment of a bin number. The three bin catego-
ries are defined as follows:

Bin 1: Indicates structures, systems, and compo-
nents expected to have no significant
radiological safety or waste isolation func-
tion or significance. These structures, sys-
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tems, and components require the lowest
level of design detail.

Indicates structures, systems, and compo-
nents expected to have a radiological
safety or waste isolation function, or other
items of regulatory interest, with signifi-
cant regulatory precedent indicated. These
structures, systems, and components
require more design detail than Bin 1
structures, systems and components.

Indicates structures, systems, and compo-
nents expected to have a radiological
safety or waste isolation function or
impact, or other items of regulatory inter-
est, with no applicable regulatory prece-
dent. These structures, systems, and
components require the highest amount of
design detail.

Determining whether structures, systems, and com-
ponents are important to radiological safety or
waste isolation is based on the latest quality assur-
ance classification of the Monitored Geologic
Repository structures, systems, and components
(CRWMS M&O 1997b). For preclosure analyses,
this classification, which is based on preliminary
conclusions made in advance of the completion of
the evaluation of the appropriate Monitored
Geologic Repository design basis events, is also
the basis for the latest revision to the Monitored
Geologic Repository Q-List (DOE 1998a). The
Q-List consists of permanent items determined by
analysis or direct inclusion (i.e., conservatively
concluded by DOE to be important at the Moni-
tored Geologic Repository, without conducting an
analysis) to be subject to mandatory quality assur-
ance requirements. For postclosure analyses, the
basis for design prioritization is the total system
performance analyses and their accompanying sen-
sitivity studies, which facilitate evolution of the
importance of the various functions to waste isola-
tion. Relating functions to structures, systems, and
components enables assessment for waste isolation
importance as part of the design prioritization pro-
cess.

The structures, systems, and components included
in the prioritization process are drawn from the ref-
erence design for the Monitored Geologic Reposi-
tory. The list of structures, systems, and
components and their assigned priority is updated
and modified, as necessary, as the Monitored Geo-
logic Repository design progresses. Design priori-
tization is a planning tool that may require
evaluating in-progress and conceptual-level design
documents. These design documents may include
system description documents, structures, systems
and components architecture, design basis event
analyses, and quality assurance analyses. Prioritiz-
ing the structures, systems, and components is
based on engineering and management judgment.
In some cases, management judgment may apply a
more conservative priority on the basis of the lack
of regulatory precedent rather than radiological
safety or waste isolation.

Subsurface

There are 17 major systems that make up the sub-
surface repository architecture. These include:

Subsurface Systems Bin

Subsurface Facility System

Engineered Barrier System

Ground Control System

Subsurface Ventilation System

Waste Emplacement System
Subsurface Closure and Sealing System
Waste Retrieval System

Subsurface Central Control System
Performance Confirmation System
Subsurface Electrical Distribution System
Subsurface Compressed Air System
Subsurface Water Distribution System

Subsurface Safety and Monitoring System
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Subsurface Water Collection/Removal Surface Facilities Systems (Continued) Bin
System 2 i )

Carrier/Cask Handling System 2
Subsurface Fire Suppression System 2 Central Command and Control Operations
Subsurface Systems (Continued) Bin System 2
Subsurface Development Transportation Waste Transfer Building Ventilation System 2
System 1

y Waste Handling Building Radiological

Subsurface Emplacement Transportation Monitoring System 2
System 1

Performance Confirmation Data
Waste Package

Acquisition/Monitoring System 2
A number of waste package des¥gn's . haye been Waste Handling Building Fire Protection
developed to accommodate the variability in waste Svstem 2
forms, all of which have been designated Bin 3. y

Site Communications System 2
Surface

Site Water System 2
There are 22 major systems that make up the sur- E R S ’
face repository architecture. These include: mergency Response System

Site Electrical Power System 2
Surface Facilities Systems Bin

Security and Safeguards System 2
Canister Transfer System 3 . .

Site Compressed Air System 2
Assembly Transfer System 3

Pool System 2
Waste Package Remediation System 3 . .

Administrative System 1
Disposal Container Handling System 3 .

Carrier/Cask Transport System 1
Carrier Preparation Building Material
Handling System 2
Site Generated Radiological Waste Handling
System 2

Waste Handling Building Ventilation System 2

2-14
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3. DESIGN BASES

This section describes the design bases for Moni-
tored Geologic Repository design. These design
bases provide the information that identifies the
specific functions to be performed by the Moni-
tored Geologic Repository, as well as the specific
values or ranges of values chosen as controlling
parameters to bound the design. This section also
describes the design requirements for the proposed
repository, the primary assumptions governing
design, the allocated postclosure functions, and the
preclosure radiological goals and objectives.

3.1 DESIGN REQUIREMENTS

The statutory and regulatory requirements that
govern the proposed repository design and concept
of operations, which are discussed in the VA,
include the following:

* Nuclear Waste Policy Act, 42 U.S.C. §10101
et seq.

* 10 CFR 60, Disposal of High-Level Radio-
active Wastes in Geologic Repositories

» 10 CFR 20, Standards for Protection Against
Radiation

* 10 CFR 73, Physical Protection of Plant and
Material

These statutory and regulatory requirements have
been evaluated and baseline requirements have
been developed for the overall Civilian Radioac-
tive Waste Management System (CRWMS)
program and for the Monitored Geologic Reposi-
tory. The CRWMS requirements are documented
in the Civilian Radioactive Waste Management
System Requirements Document (DOE 1996a), and
the Monitored Geologic Repository requirements
are documented in the Mined Geologic Disposal
System  Requirements  Document (CRWMS
M&O 1996b). The regulatory requirements
discussed in this section are addressed in greater
detail in these two requirements documents. The
requirements documents will be updated, as neces-
sary, to incorporate modifications necessitated by

changes in the statutory and regulatory require-
ments.

Using the requirements documents (DOE 1996a;
DOE 1997c) as the basis, the following two
project-level requirements documents were devel-
oped to identify the requirements for the design of
the repository and the engineered barrier systems;
the Repository Design Requirements Document
(YMP 1994b) and the Engineered Barrier Design
Requirements Document (YMP 1994a). These
project-level requirements documents include
design, operation, and decommissioning require-
ments that impact the physical development of the
repository. The interface requirements between the
Monitored Geologic Repository and other
CRWMS projects are also documented in these
baseline requirements documents.

The remainder of this section summarizes the
design requirements for the repository and engi-
neered barrier system. These requirements have
been grouped into the following five general areas:

» Waste receipt

» Containment and isolation
* Criticality

* Retrieval

* Service life

The requirements presented are the minimum
requirements for designing the Monitored Geo-
logic Repository. The assumptions actually used to
guide the Monitored Geologic Repository design
generally are more conservative (see Section 3.2).
3.1.1 Waste Receipt

The waste forms received at the Monitored Geo-
logic Repository will be in solid form, and as dis-
cussed in the FEngineered Barrier Design
Requirements Document, any particulate waste will
be consolidated before being shipped to the reposi-
tory (YMP 1994a, Section 3.7.1.1.A and
3.7.1.1.C). The waste will not contain ignitable or
chemically reactive materials that could compro-
mise waste containment or isolation (YMP 1994a,
Section 3.7.1.C). Neither the waste forms nor the
disposable canisters will contain free liquids that
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could compromise waste containment
(YMP 1994b, Section 3.7.1.D). The acronyms
MTU and MTHM are equivalent for the once-
through nuclear fuel cycle (no reprocessed fuel)
and can be used interchangeably. For commercial
fuel, metric tons of heavy metal (MTHM) is the
total amount of heavy metal initially contained in
nuclear reactor fuel. For reprocessed nuclear fuels,
the initial heavy metal loading contains both ura-
nium and plutonium. For once-through nuclear
fuels, the initial heavy metal loading consists of
only uranium. Thus, for the United States nuclear
industry, which uses a once-through fuel cycle,
metric tons heavy metal equals metric tons ura-
nium (MTHM = MTU). Table 3-1 shows the
amounts of waste to be received annually at the
repository.

Table 3-1. Annual Repository Receipt Rates

Commercial High-Level
Radioactive Waste, Defense High-
Level Radioactive Waste, and
Spent Nuclear | -DOE-Owned Spent Nuclear Fuel

Fuel (MTU) g (MTU)

400 TBD
600 TBD
1,200 TBD
2,000 TBD
3,000 TBD
3,000 400 (TBD)
3,000 400 (TBD)
3,000 400 (TBD)
3,000 400 (TBD)
2031 3,000 400 (TBD)
2032 3,000 200 (TBD)
2033 1,800 TBD

Commercial

Source: YMP 1994b, 3.2.1.2.B

TBD-To be determined, based on early receipt of naval
spent nuclear fuel and immobilized plutonium starting in
2010.

The values for Columns 2 and 3 for years 2016 through
2030 are 3,000 and 400 respectively for each year.

As discussed in the Civilian Radioactive Waste
Management System Requirements document and
the Mined Geologic Disposal System Requirements
Document, the proposed repository is statutorily
limited, through the issuance of a license by NRC,
to emplacing no more than 70,000 MTU of spent

nuclear fuel and high-level radioactive waste until
a second repository is in operation (DOE 1997c,
Sections 3.2.1.E and 3.2.1.C). The waste alloca-
tion has been divided as follows:

* 63,000 MTU commercial spent nuclear fuel

» 640 MTU equivalent commercial high-level
radioactive waste

* 4,027 MTU equivalent defense high-level
radioactive waste

+ 2,333 MTU DOE-owned spent nuclear fuel

This waste, which will be located at least 200 m
(656 ft) below the surface (DOE 1996a,
Section 3.7.2.2.F), is limited to material not regu-
lated under the Resource Conservation and Recov-
ery Act (DOE 1997c, Section 3.2.1.F). In addition,
the design of the proposed repository is based on
receiving the majority of DOE-owned spent
nuclear fuel in disposable canisters suitable for
direct insertion into waste packages (DOE 1997c,
Section 3.1.5.R).

3.1.2 Containment and Isolation

The purpose of the following requirements is to
limit the overall release of radionuclides to the bio-
sphere. These requirements apply to the total sys-
tem, including the engineered barrier system
(which includes the waste packages and the under-
ground facility) and the natural barrier.

» The waste packages must provide substan-
tially complete containment for a period of at
least 300 to 1,000 years (10 CFR 60.113
(a)(1)(ii)(A), NRC Staff Position 60-001,
YMP 1994a, Section 3.7.D and YMP 1994b,
Section 3.2.3.2.2.A.11).

The engineered barrier system must limit
any release from the waste packages so that
the release to the geologic setting is gradual,
and only a small fraction is released over a
long period of time (10 CFR 60.113(a)(1)(1),
YMP 1994a, Section 3.7.C).
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* The engineered barrier system will limit the
release rate of any radionuclide to less than
1 part in 100,000 per year for the amount of
that radionuclide that is calculated to be
present 1,000 years following permanent
closure of the repository (10 CFR 60.113
(a)(1)(ii)(B), YMP 1994a, Section 3.7.E).

Repository design integrates the design require-
ments with the following attributes of the Reposi-
tory Safety Strategy: U.S. Department of Energy's
Strategy to Protect Public Health and Safety After
Closure of a Yucca Mountain Repository (DOE
1998b):

* Limited water contacting the waste packages

» Long waste package lifetime

* Slow rate of release of radionuclides from
the breached waste package

* Radionuclide concentration reduction during
transport through the engineered and natural
barriers

Past assessments have demonstrated that these four
attributes are the most important in developing the
safety case for a potential repository located in
unsaturated tuff at Yucca Mountain. See Volume 4,
Section 2 for more information.

3.1.3  Criticality

For purposes of this discussion, criticality is a con-
dition that occurs when a sufficient mass of fission-
able material, in a supporting geometry and in the
presence of a neutron moderator, achieves a self-
sustaining energy release. For preclosure safety,
the repository systems are designed in such a man-
ner that the waste will not become critical unless at
least two independent and unlikely events occur,
either in sequence or concurrently. For design
basis events, the nuclear criticality calculations
will result in an effective neutron multiplication
factor of less than 0.95 including all biases and
uncertainties, thus ensuring a 5-percent subcritical
margin (YMP 1994b, Section 3.2.2.5). For the
postclosure phase, the repository systems are

designed so that the probability of any criticality
will be small and that the consequences of any crit-
icality will not compromise the repository's ability
to meet its performance objectives (see
Section 4.4.4 of Volume 3).

3.14 Retrieval

The initial requirement for the repository design
ensured that any and all waste could be retrieved
up to 50 years after waste emplacement operations
were initiated (YMP 1994b, Section 3.2.1.4.B).
However, during development of the VA reference
design, this period was extended to 100 years, as
discussed in the Section 3.2. Retrieval of the waste
packages will be accomplished using the equip-
ment and processes described in Section 4.2.7
(YMP 1994b, Section 3.7.4.1.A.4).

3.1.5 Service Life

A conservative approach has been taken also with
regard to the service life of the facility. To accom-
modate the 50-year retrieval period discussed
previously, a service life of at least 100 years
would be required (YMP 1994b, Section 3.2.5.4).
However, to support the more conservative
100-year retrieval period, in accordance with the
assumption in Section 3.2.1, the Monitored
Geologic Repository has been designed with a
maintainable service life of at least 150 years. The
150-year service life is for design purposes only,
however, and not for cost estimating purposes.

3.2 PRIMARY ASSUMPTIONS

During the course of the design development, the
requirements discussed in Section 3.1 have been
interpreted, updated, and supported with assump-
tions developed by the CRWMS Management and
Operating Contractor (M&O). These assumptions
are documented and controlled in the Controlled
Design  Assumptions  document (CRWMS
M&O 1998b). This document contains the key
assumptions that affect many areas of the VA refer-
ence design. The assumptions supplement the
technical baseline requirements and provide quan-
tified values for technical data. In addition, the
Controlled Design Assumptions document identi-
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fies design concepts for the surface, subsurface,
and waste package to ensure a completely inte-
grated system. All assumptions must be justified
prior to development of any license application.
Resolution strategies have been developed and are
being implemented as a management tool to track
each assumption to resolution.

This section discusses the key assumptions that
affect the VA reference design in the following
areas:

* System-level design assumptions

» Assumptions affecting the waste receipt
rates

» Assumptions related to criticality calcula-
tions

As supporting analyses are completed and base-
lined, the assumptions will be removed from the
Controlled  Design  Assumptions (CRWMS
M&O 1998b) document and integrated into the LA
design.
3.2.1 System-Level Assumptions

A primary design consideration for the repository
is the effect of the repository on the waste and the
natural environment. The following general
assumptions have been made in the VA reference
design to limit these impacts:

» The surface, subsurface, and waste package
designs will be based on a reference areal
mass loading range of 80 to 100 MTU/acre
(CRWMS M&O 1998b, Key 019).

The change to the ground temperature
directly above the repository at a depth of
45 cm (17.7 in.) will be limited to no more
than a 2C° (3.6F°) rise above the naturally
occurring variability at that depth (CRWMS
M&O 1998b, EBDRD 3.7.G4).

As a goal to limit the changes to the sorptive
properties of the zeolite layer, the temper-
ature at the top of the zeolite layer beneath

the proposed emplacement area will not
exceed 90°C (194°F) (CRWMS M&O
1998b, DCSS 025).

The temperature of the emplacement drift
wall will be limited to no more than 200°C
(392°F) (CRWMS M&O 1998b,
EBDRD 3.7.G.2).

The temperature of the fuel cladding will be
limited to 350°C (662°F) (CRWMS M&O
1998b, DCWP 001).

For the VA design, the retrievability period
identified in Section 3.1 has been increased
to 100 years. Accordingly, the repository
will be designed to allow for retrieval of any
or all of the waste for as long as 100 years
after initiation of waste emplacement opera-
tions (CRWMS M&O 1998b, Key 016).

If possible, the repository openings will be located
to avoid Type I faults. For unavoidable Type I
faults that intersect the emplacement drifts, a dis-
tance of 15 m (49 ft.) will be maintained from the
edge of the fault to the nearest waste package
(CRWMS M&O 1998b, Key 023). In addition, the
design of the components important to radiological
safety will be based on the method presented in the
Preclosure Seismic Design Methodology for a
Geologic Repository at Yucca Mountain (CRWMS
M&O 1998b, Key 064).

Finally, the repository design will not preclude the
use of emplacement drift backfill at the end of the
preclosure period (CRWMS M&O 1998b,
Key 046), and the shafts, ramps, and exploratory
boreholes will be permanently sealed upon closure
of the repository (CRWMS M&O 1998b,
Key 087).

3.2.2 Waste Receipt

Using the annual receipt rates presented in
Section 3.1, it is assumed that the Monitored Geo-
logic Repository will receive the following:

* 1,447 casks of spent nuclear fuel shipped by
legal-weight truck
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* 4,664 casks of uncanistered spent nuclear
fuel shipped by rail

* 3,493 casks of canistered spent nuclear fuel
shipped by rail

* 1,663 casks of commercial and defense high-
level radioactive waste shipped by rail

* 1,203 casks of DOE-owned spent nuclear
fuel shipped by rail

The annual cask receipt rates at the repository are
provided in Key Assumption 001 of the Controlled
Design Assumptions document (CRWMS M&O
1998b, Key 001). According to these cask arrival
scenarios, Key Assumptions 002 and 003 provide
the assumed waste arrival schedule and waste
package emplacement schedule (CRWMS M&O
1998b, Key 002 and 003). In addition, it is
assumed that only a small amount of DOE-owned
spent nuclear fuel (approximately 50 MTU) will be
received uncanistered (CRWMS M&O 1998b,
Key 005).

In addition, the following assumptions have been
made concerning commercial spent nuclear fuel
received at the repository:

* Spent nuclear fuel assemblies from
pressurized-water reactors will be, on
average, 25.9 years out-of-reactor with a
3.69 weight percent initial enrichment and a
burnup value of 39.56 gigawatt days/MTU.

* Spent nuclear fuel assemblies from boiling-
water reactors will be, on average, 27.2 years
out-of-reactor with 3.00 weight percent
initial enrichment and a burnup value of
3224 gigawatt days/MTU (CRWMS
M&O 1998b, Key 004).

3.2.3  Criticality Calculations

The preclosure and postclosure criticality control
period for the analysis method calculations, dis-
cussed in Section 3.1.3, is assumed to last for a
period of 10,000 years or more (CRWMS M&O
1998b, Key 039). Calculations of the criticality of

the repository waste during this period will take
into consideration fission product credit, the princi-
pal isotope burnup in commercial light-water-reac-
tor spent nuclear fuel (CRWMS M&O 1998b,
Key 009) and the presence of neutron-absorber
material in or from criticality control panels and
rods made of long-term material (CRWMS M&O
1998b, Key 081).

3.3 ALLOCATED POSTCLOSURE
FUNCTIONS

The primary postclosure function to contain the
waste is described in the Mined Geologic Disposal
System Functional Analysis Document (CRWMS
M&O 1996c¢). This section identifies and
describes the lower level functions that the Moni-
tored Geologic Repository must perform to be suc-
cessful in containing the waste from the accessible
environment.

The function of containing the waste begins when
the waste is sealed in the disposal container (waste
package) (CRWMS M&O 1996c, p. 3-182,
Function 1.4.5). The goal is to contain the waste in
the waste package -and inhibit the transport of
radioactive material to the accessible environ-
ment. The natural barrier and the engineered
barrier system (including the waste package)
contribute toward meeting this overall function.
This function is divided into the following
subfunctions:

¢ Confine the waste

¢ Limit the radionuclide release to the natural
barrier

e Limit the radionuclide release to the acces-
sible environment

* Limit the natural and induced environmental
effects
3.3.1 Confine the Waste
The function of confining the waste is performed

by the waste package and includes limiting radio-
nuclide release from the waste package by
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providing physical and chemical stability for the
waste inside the waste package, and providing
physical and chemical integrity for the waste pack-
age (CRWMS M&O 1996¢c, p. 3-183,
Function 1.4.5.1). The function begins when the
disposal container is sealed and continues until the
waste package degrades to a state that provides no
degree of confinement. The principal factors
affecting this postclosure function are as follows:

* Chemistry of water on the waste package

* Integrity of the outer carbon steel waste
package barrier

* Integrity of the inner corrosion-resistant
waste package barrier

3.3.2 Limit the Radionuclide Release to the
Natural Barrier

This function limits the movement of radionuclides
from the engineered barrier system to the natural
barrier (CRWMS M&O 1996¢c, p. 3-189,
Function 1.4.5.2). The function is performed by
the engineered barrier environment (thermal,
hydrological, chemical, and mechanical) and the
components of the engineered barrier system other
than the waste package. Successful performance
of this function slows the rate at which radionu-
clides are released into the natural barrier. The
function begins once the first radionuclide is no
longer contained by a waste package, either
because it has left the waste package or because the
waste package offers no confinement. The princi-
pal factors affecting this postclosure function are as
follows:

 Seepage into the waste package
» Integrity of the spent nuclear fuel cladding

* Dissolution of uranium oxide and glass
waste forms

* Solubility of Neptunium

» Formation of radionuclide-bearing colloids

* Transport through and out of the waste
package
3.3.3 Limit the Radionuclide Release to the
Accessible Environment

Radionuclide release to the accessible environment
is limited by controlling the rate at which radionu-
clides are transported through the natural barrier
(CRWMS M&O 1996¢, p. 3-198, Function
1.4.5.5.3). This function affects the dose to which
the public is exposed in the accessible environ-
ment. It begins when radionuclides enter the natu-
ral barrier. The principal factors affecting this
postclosure function area as follows:

¢ Transport through the unsaturated zone
» Flow and transport in the saturated zone
* Dilution from pumping
* Biosphere dilution
3.3.4 Limit the Natural and Induced
Environmental Effects

This function controls the impacts of the natural
system on the engineered barrier system and the
impacts of the engineered barrier system on the
natural barrier (CRWMS M&O 1996¢, p. 3-206,
Function 1.4.5.5). The function begins when the
waste is initially emplaced. The function is per-
formed by the natural barrier, the engineered bar-

rier, and the subsurface layout. The principal
factors affecting this postclosure are as follows:

¢ Precipitation and infiltration into the

mountain
* Precolation to depth
* Seepage into the drift
» Effects of heat and excavation on flow
* Dripping onto the waste package

e Humidity and temperature at the waste
package
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3.4 PRECLOSURE RADIOLOGICAL
GOALS AND OBJECTIVES

The regulatory and repository system-level
requirements for radiological safety during preclo-
sure apply to all of the areas within the radiologi-
cally controlled area. In addition, a preclosure
controlled area boundary, which encompasses the
radiologically controlled area, will be established
around the waste handling building with a radius of
5 km (3.1 miles) (CRWMS M&O 1998b,
Key 071). This section summarizes the key preclo-
sure radiological requirements from the Repository
Design Requirements Document (YMP 1994b).

The overall design of the repository will ensure the
protection of both the workers and the general pub-
lic. This will be accomplished by complying with
the following:

* The design will ensure that the radiation
exposures, radiation levels, and release of
radioactive materials to unrestricted arcas
will be maintained within the limits specified

by 10 CFR 20 and applicable environmental
standards for radioactivity as established by
the U.S. Environmental Protection Agency
(EPA) (YMP 1994b, Section 3.2.1.2.C).

The repository facilities will be designed to
operate so that the total effective dose equiv-
alent from the licensed operation to
individual members of the public does not
exceed 0.1 rem in a year (YMP 1994b,
Section 3.2.2.2.A) and the dose in any
unrestricted area does not exceed 0.002 rem
in any 1 hour from external sources from
Category 1 design basis events (YMP 1994b,
Section 3.2.2.2.C).

The design and operations will include
provisions for controlling doses so that the
exposure dose limits specified in
10 CFR 20.1201 for occupational doses, and
10 CFR 20.1301 for individual members of
the public, are not exceeded.

» The total effective dose equivalent for an
individual located at or beyond the
preclosure controlled area boundary will not
exceed 5 rem from Category 2 design basis
events (10 CFR 60.136).

The repository will be designed and
constructed to achieve occupational doses
and doses to members of the public that are
as low as is reasonably achievable. As low
as is reasonably achievable principles will be
based on the applicable portions of NRC
Regulatory Guides 8.8 and 8.10
(YMP 1994b, Section 3.2.2.1.A).

Access to radiation areas will be controlled
in accordance with the requirements
specified in 10 CFR 20.1601 and 20.1602
(YMP 1994b, Section 3.2.4.3.2).

The design will include equipment to
monitor the external surfaces of waste
packages and casks for radioactive contami-
nation and radiation levels in compliance
with 10 CFR 20.1906 (YMP 1994b,
Section 3.2.4.4).

The shielding design will limit the maximum
exposure to an individual worker to one-fifth
of the annual total effective dose equivalent
limits for normally occupied areas as
specified in 10 CFR 20.1201 (YMP 19%4a,
Section 3.2.4.5.1.A). The shielding will be
designed with the goal of limiting the dose
rate in intermittently occupied areas to less
than 1 rem/year based on occupancy, time,
and frequency of exposure (YMP 1994b,
Section 3.2.4.5.1.B).

Radiation monitoring devices will be
designed to monitor individuals, equipment,
and key areas. These monitors will include
visual and audible alarm  systems
(YMP 1994b, Section 3.2.2.4).
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4. REPOSITORY DESIGN

Equipment and procedures for waste handling
already approved by NRC and in use at other
licensed nuclear facilities have been incorporated
into the design and operating concepts to the maxi-
mum extent practicable.

Suggested guidance received from industry experts
on the Repository Design Consulting Board has
been incorporated into the design and concept of
operations. Such guidance was provided in the
areas of waste receipt, transfer, handling, and pack-
aging; underground excavation, ventilation, and
ground support; waste package design; and waste
package materials testing. The waste package
design and materials testing program are discussed
in Section 5.

4.1 REPOSITORY SURFACE FACILITIES

This section provides detailed descriptions of the
radiologically significant waste handling facilities,
systems, and equipment located in the Radiologi-
cally Controlled Area. The controlled area refers
to that surface area protected by fences and
security systems where the radiological waste
shipments will be handled and the site-generated
low-level radioactive waste will be processed.
During development of the VA, emphasis was
placed on the design of the facilities, systems, and
equipment that must handle the waste carriers,
prepare the shipping casks for unloading the waste,
and load the waste into disposal containers. This
section also briefly covers some balance of plant
support facilities and systems.

4.1.1 Surface Operations Overview

The primary mission of the surface facilities will
be to receive spent nuclear fuel and high-level
radioactive waste shipments and prepare and pack-
age the wastes for underground emplacement.

This section defines the functions that must be per-
formed to package the waste and provides a sum-
mary description of surface waste handling
activities during the emplacement phase. It
focuses on the areas of the North Portal of the

repository, as seen on Figure 4-1, North Portal Sur-
face Facilities.

Figure 4-2, Waste Receiving and Shipping Opera-
tions, and Figure 4-3, Waste Handling Operations,
depict a general overview of the path that waste
will take through the surface facilities as it comes
from a waste generator and is subsequently
emplaced in the repository.

Waste shipments of commercial spent nuclear fuel
constitute the majority of wastes that will be
received at the repository. These shipments will be
delivered to the repository North Portal area by the
Regional Service Contractor using offsite prime
movers. These prime movers are the locomotives
and trucks that will be employed by the Regional
Service Contractor to transport the waste by casks
mounted on carrier rail cars and truck trailers to the
repository from reactor sites. Defense wastes from
government facilities may be delivered to the
repository by other DOE transportation contrac-
tors. The offsite prime movers will wait outside
the controlled area for dispatcher instructions. All
waste shipments will be received at a security sta-
tion, where they will be inspected. Casks and fur-
nishings mounted on a carrier will be transported
within the controlled area by a site prime mover.
Waste shipments will be transported to the Carrier
Preparation Building or to a parking area to wait
for a bay in the Carrier Preparation Building.

At the Carrier Preparation Building, the personnel
barriers and impact limiters will be removed and
the cask, rail car, and/or trailer will be inspected.
A contaminated cask can be cleaned by wiping at
the Carrier Preparation Building or it can be moved
to the Waste Handling Building for decontamina-
tion. The carriers can also be directed to a carrier
washdown station to remove road grime.

The prepared carrier will be transported to the
Waste Handling Building carrier bay, where the
cask will be removed and the carrier will be loaded
with an empty cask for shipment back to a waste
generator. Systems in the Waste Handling Build-
ing will unload truck and rail shipping casks and
send them to one of two waste handling systems: a
wet assembly transfer system that includes a pool,
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or a dry canister transfer system (for disposable
canisters only).

The assembly transfer system will receive casks
containing individual fuel assemblies that have
either been loaded into the cask directly or are con-
tained in a nondisposable canister that must be
removed from the cask and opened before the
assemblies can be removed. Some non-disposable
canisters are welded closed and will be cut open.
The assemblies will be removed from the casks or
canisters in a pool environment, after which they
will be transferred to, and dried in, a fuel assembly
transfer cell prior to being loaded into a disposal
container.

The dry canister transfer system will receive spent
nuclear fuel, vitrified defense high-level radioac-
tive waste, and special defense waste forms,
including immobilized plutonium, in canisters
designed for direct insertion into disposal contain-
ers.

The disposal container handling system will
receive loaded containers from both the assembly
transfer system and the canister transfer system.
The inner and outer lids will be welded and
inspected to ensure that they meet specifications
for disposal. After the disposal container has been
loaded, sealed, and tested, it is thereafter referred
to as a waste package. The waste package will be
turned to the horizontal position and loaded into a
subsurface transporter, which takes it to an
emplacement drift.

Empty casks will be loaded onto carriers in the car-
rier bay and returned to the Carrier Preparation
Building, where impact limiters and personnel bar-
riers will be re-installed. The cask/carrier will then
be sent to a parking area or to the security station
for offsite shipment. Empty nondisposable canis-
ters will be placed into a protective overpack and
prepared for shipment to an offsite facility for dis-
posal or recycling. Arriving empty disposal con-
tainers will be delivered to the Security Station
and from there to a parking area or empty disposal
container preparation area in the Waste Handling
Building.

Low-level radioactive waste and hazardous waste
will be generated in the surface waste handling
facilities and operating areas. Solid and liquid
low-level radioactive waste will be safely accumu-
lated at the point of origin, then sent to the waste
treatment facility, where they will be treated as
appropriate and packaged in drums. Hazardous
waste will be collected and packaged in drums and
sanitary waste will be collected for proper disposi-
tion. Low-level radioactive waste and hazardous
waste will be shipped offsite to a licensed disposal
facility. Mixed waste exhibits the characteristics
of low-level radioactive and hazardous waste. It is
not anticipated that mixed waste will be produced
during waste handling operations, but there will be
an allowance made for temporarily staging a small
quantity of this waste prior to shipping it offsite.
4.1.2 Major Factors that Influenced the
Surface Design

Two major factors influenced the design approach
and operational concepts of the surface facilities:
waste package size and weight, and waste receipt.

4.1.2.1 Waste Package Size and Weight

In the VA reference design, a large waste package
will be emplaced horizontally in the subsurface
emplacement drifts. As indicated in the Prelimi-
nary List of Waste Package Designs for VA
(CRWMS M&O 19980), spent nuclear fuel waste
packages will generally hold 21 pressurized-water
reactors or 44 boiling-water reactor spent fuel
assemblies. The weight of the package, when
loaded with waste and sealed, will be about
76 tons. The largest canistered waste form to be
handled will be naval spent nuclear fuel in sealed,
disposable canisters that weigh about 49 tons and
have a total weight in the sealed waste package of
91 tons (CRWMS M&O 19980). A discussion of
disposable canisters later in this section provides
more detail. Surface facility areas and support sys-
tems must be designed to minimize the adverse
effects from either a cask or a waste package drop,
including damage to facility safety systems. The
design and specification of this equipment will
require development and demonstration tests to
confirm its operability, reliability, maintainability,
and safety. The advantage of the larger waste
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packages will be the reduction of the number of
disposal container units to be manufactured and the
number of waste packages to be transported to the
underground facility and emplaced. See
Section 4.2.3.1, discussion on the Waste Package
Transporter.
4.1.2.2 Waste Receipt

Spent nuclear fuel and high-level radioactive waste
will arrive at the surface facilities in several modes.
Transportation casks for commercial spent nuclear
fuel may contain (1) uncanistered fuel assemblies
or (2) a canister loaded with assemblies. Previ-
ously, a multi-purpose canister option was pro-
posed that would have been licensed for dry
storage, transportation, and subsequent disposal in
the repository. This type of canister will now be
referred to as a disposable canister since it can be
placed directly into a disposal container for subse-
quent emplacement in the repository. Defense
high-level radioactive waste forms and most DOE-
owned spent nuclear fuel are expected to be
received in disposable canisters. A small amount
of DOE fuel, of commercial origin, will be uncan-
istered.

As noted in the Controlled Design Assumptions
Document (CRWMS M&O 1998b), the current
commercial spent nuclear fuel receipt configura-
tion options are described in the following
paragraphs.

Uncanistered Fuel Assemblies. Commercial
spent nuclear fuel will be received in casks
containing uncanistered fuel assemblies. The
surface waste handling system design will be based
on receiving approximately one-third of these
assemblies in non-disposable (dual-purpose) canis-
ters, and about two-thirds as uncanistered assem-
blies. Uncanistered fuel assemblies have the
greatest impact on the complexity of the Waste
Handling Building and associated waste handling
and support systems. More handling stations are
required to prepare and open the casks, and to
transfer multiple fuel assemblies at staging, drying,
and loading stations. In addition, more low-level
radioactive waste is generated for handling at the
waste handling and waste treatment facilities.

Disposable Canisters. Commercial spent nuclear
fuel will be received in large casks containing one
large disposable canister (a canister licensed for
storage, transportation, and disposal). This form of
receipt will have the least impact on the complexity
of the surface waste handling facilities because
transferring a sealed canister from a cask to a dis-
posal container requires fewer intermediate steps
and results in less waste and contamination. As
stated before, naval spent nuclear fuel will also be
received in disposable canisters, as will be some
DOE-owned spent nuclear fuel.

Nondisposable Canisters. Commercial spent
nuclear fuel will be received in large casks. Each
cask contains one dual-purpose (non-disposable)
canister, which will be licensed for storage and
transportation only; that is, the canister is not
licensed to be put in a disposal container and
emplaced in the repository. The canister will be
welded closed at the utility and, therefore, must be
cut open at the repository so the spent fuel assem-
blies can be transferred into a disposal container.
This option will have the greatest impact on the
complexity of the design of the Waste Handling
Facility because of the need for special equipment
to cut open the canisters and subsequently transport
the empty canisters offsite for disposal or recy-
cling. The additional waste handling operations
that will be required during canister preparation
and decontamination create a considerable amount
of low-level radioactive waste, especially during
underwater operations, which include cutting the
canisters open.

4.1.3 Carrier/Cask Transport System

The carrier/cask transport system will include the
onsite roads and rail systems, parking areas, site
prime movers, and equipment required to engage
and disengage carriers from prime movers, park
the carriers and prime movers, and transport the
carriers inside the controlled area.

The system will receive casks at a peak annual rate
of about 1,500 rail and 240 truck shipments, which
will include waste forms, empty disposal contain-
ers, and nondisposable canister overpacks. Ship-
ments will arrive at the security station and be
inspected, and the offsite prime movers will be
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parked outside the gate. The carrier will be trans-
ported by a site prime mover to a parking area, the
Carrier Preparation Building (described in the next
section) or to the Waste Handling Building in the
case of empty disposal container shipments.

The carrier washdown system will provide the
equipment required to remove road grime from
carriers. The carrier/cask transport system will
provide the rail switching, safety systems, and
truck turn-around required for carriers to be man-
aged in and out of parking, the security gate, and
the facility preparation and handling bays. A trans-
porter maintenance facility will be located within
the controlled area for maintaining the site prime
movers for surface and subsurface operations. The
system design, traffic control, and safety systems
will be designed to U.S. Department of Transporta-
tion standards.

4.14 Waste Handling Facilities

The North Portal waste handling facilities will
comprise a radiologically controlled area, which
will include facilities associated with waste ship-

ping, receiving, and preparation, and loading into

disposal containers. Included in this section are
descriptions of the primary facilities and the sys-
tems that will be associated with waste handling
facilities. The facilities located in the controlled
area will be dedicated to nuclear waste handling,
shipping, and receiving operations, as described in
the Surface Nuclear Facilities Space Program
Analysis (CRWMS M&O 1997ak).

4.14.1 Carrier Preparation Building

The Carrier Preparation Building will house the
material handling system required to prepare
incoming carrier/cask configurations for unloading
at the Waste Handling Building and for return ship-
ment to waste generators (refer to Figure 4-4,
Carrier Preparation Building). The structure will
consist of steel framing with insulated metal siding
and roofing. The building columns on spread foot-
ings will be designed to support the loads associ-
ated with two 10-ton bridge cranes.

The cranes will be used to remove and re-install the
shipping cask impact limiters and personnel barri-

ers. Continuous concrete mat foundations will be
employed beneath the railroad tracks to support the
heavy wheel loads. The facility will have a net
floor area of approximately 20,000 ft?, the majority
of which will be allocated to four parallel road-
ways/tracks, each using recessed tracks. The facil-
ity will require no special features for radiation
shielding since the radioactive waste will remain in
the sealed transportation casks, which provide the
necessary personnel shielding. Included will be
the utilities, support, and safety systems required to
support carrier/cask operations and protect person-
nel. The ventilation system will use overhead
and/or wall-mounted radiant heaters, with cooling
provided from roof-mounted fans.

Carrier/Cask Preparation System. The car-
rier/cask transport system will move rail and truck
cask configurations to and from the Carrier Prepa-
ration Building, the security gate, and the Waste
Handling Building. Carrier preparation operations
will include moving a loaded carrier/cask ensemble
into an available preparation bay with a site prime
mover, performing radiation surveys, removing the
personnel barrier, inspecting for contamination,
measuring the cask temperature, and removing the
impact limiters. The prepared carrier/cask can be
transported to the Waste Handling Building when a
position is available, or sent to a parking area.

Truck or rail carriers with empty casks will be pre-
pared for offsite shipment by installing impact lim-
iters, performing cask surveys, and installing
personnel barriers. Four parallel preparation lines
will operate concurrently to handle the waste
within established shipment schedules. Each line
has two preparation bays, each of which can
accommodate truck and rail shipping and receiv-
ing. One remotely operated overhead bridge crane
and gantry crane will be provided for each pair of
lines, servicing four preparation bays. Remotely
operated support equipment will include a gantry-
mounted manipulator and the tooling and fixtures
required for removing or installing personnel barri-
ers and impact limiters. Remote handling equip-
ment will be designed for operator safety, to
minimize radiation exposure and facilitate mainte-
nance.
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4.14.2 Waste Handling Building

The Waste Handling Building will provide the
structures, controlled areas, and accesses required
to house and operate the waste handling systems,
protect operating personnel, and maintain
radiological confinement. Integral to the facility
structure will be the essential waste handling
systems, including the carrier/cask handling
system, assembly transfer system, canister transfer
system, disposal container handling system, and
waste package remediation system. Essential
facility support systems will include the facility
electrical, fire protection, radiation monitoring, and
ventilation systems. The Surface Nuclear
Facilities Space Program Analysis describes the
ancillary support systems, including those required
for facility security, communications, alarm and
public address, potable and chilled water, sanitary
waste, low-level radioactive waste, effluents, air
and vacuum, decontamination, waste handling
pools, repair and calibration shop, offices, and
facility monitoring and control systems (CRWMS
M&O 1997ak).

Waste Handling Building Layout. The Waste
Handling Building will be located close to the
North Portal, within the controlled area. The struc-
ture will establish the operating and equipment
areas; the boundaries required for safe handling of
shipping casks, waste forms, facility waste, and
disposal containers; and facility office and support
operations (refer to Figure 4-5, Waste Han-
dling/Waste Treatment Building).

The structure will have 440,000 net ft> of (useable)
operating area and 462,000 gross ft> total area
(including walls). There will be two floors located
below grade and four above grade. The facility
will have a variety of floor areas and area heights
that range from 9 ft to over 120 ft above grade,
with the taller heights required for the waste han-
dling pools, high vertical lift areas, and equipment
transfer corridors.

Building circulation pathways will accommodate
the maximum number of facility personnel, includ-
ing increased personnel present during shift
changes. Fire egress pathways will be provided to

meet the requirements of the National Fire Protec-
tion Association’s Code for Safety to Life from Fire
in Buildings and Structures (NFPA 1997).
Hatches, structural and shielding walls, and a ven-
tilation system will be provided to meet NRC
requirements for radiological safety.

Waste Handling Building Operating and Equip-
ment Areas. The Waste Handling Building oper-
ating and equipment areas and rooms are identified
in Figures 4-6, Waste Handling Building Sections,
and 4-7, Waste Handling Building Floor Plan. The
carrier bay area will include two rail/truck lines
into the bay and a carrier/cask handling system
required for cask receipt and shipping. The assem-
bly transfer area will include three waste handling
lines with an assembly transfer system in each.
Each line will include a dry transfer cell for cask
preparation; a pool for cask and canister opening,
fuel assembly unloading and staging; and a fuel
assembly transfer cell for fuel assembly drying and
disposal container loading. The canister transfer
area will include two waste handling lines with a
canister transfer system in each.

The disposal container handling system will con-
tain a material handling system, including empty
container preparation and disposal container han-
dling cells for container welding, inspection and
staging, decontamination, and transfer. The waste
handling systems for these areas are described in
detail in subsequent sections.

The primary support areas of the facility will
include the operating galleries, equipment transfer
corridors, and contaminated equipment rooms.
The locations of operating galleries and control
rooms will be designed to optimize waste handling
system control and viewing and personnel move-
ment. Lay down areas will be provided for cask
components, handling fixtures, and tooling as
required during normal and off-normal opera-
tions. To support system maintenance, hot and
cold equipment servicing rooms and transfer corri-
dors will be located near waste handling areas.

Pool support areas will contain the support equip-
ment required to maintain water quality, including
temperature and filtration, in three fuel assembly
transfer pools associated with the assembly transfer
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system. Facility support areas will support the
primary operations, including radiation protection,
security, maintenance, and administration opera-
tions. Security and health physics areas will be
required for facility surveillance, access control,
radiological support, and health physics surveys of
the facility and personnel. Office areas will be
provided to support plant management, logistics,
repair, engineering, records and document control,
quality assurance, regulatory, and clerical activi-
ties. The following is a summary of the facility
area (inside operating area) required for these oper-
ations:
Facility Functional Area Approximate Net
Square Feet

146,000
67,000
54,000

9,000

145,000

19,000

Waste Handling Systems Areas
Primary Support Areas

Facility Support Areas

Pool Support Area

Ventilation Equipment Areas
Miscellaneous Areas

Waste Handling Building Structure. One pri-
mary factor affecting the size of the Waste Han-
dling Building structural elements will be the use
of thick concrete walls as radiation shields. Based
on the radiation levels expected from each waste
form, the proximity of personnel to the radiation
source, and the length of stay of affected personnel,
some process areas may require concrete walls up
to 5 ft thick.

The handling cells for cask opening, the canister
and fuel assembly transfer cells, disposal container
load and decontamination cells, and the disposal
container welding and staging areas will require
concrete walls about 5 ft thick to a height of 30 ft
above the operating floor. Above 30 ft, the wall
thickness can be approximately 3 ft. The roof
structures will act as both shielding and tornado
missile barriers. The roof structure will be sup-
ported by steel beams and concrete walls.

The disposal container handling areas will require
concrete walls about 3 ft thick to a height of 10 ft,
and a wall thickness of 1.5 ft above the 10-ft eleva-
tion. Secondary factors that will impact the build-
ing structure and foundation loads will be the

heavy-duty overhead cranes, with handling capaci-
ties up to 140 tons, and 90- to 140-ton concentrated
loads on the operating floor from casks and con-
tainers on transfer carts.

The pool area will consist of three water pools with
up to six cask preparation pits. The water pools
will require thick concrete walls lined with stain-
less steel plate. The stainless steel lining will pro-
vide primary containment. The concrete pool
walls will support the steel lining and, together
with the steel lining, form a part of the pool leak
detection system.

The waste handling processes in the dry cask prep-
aration areas, wet process pools, pits, equipment
and tool rooms, and the carrier bay will require no
facility radiation shielding, and can be constructed
from metal clad structural steel framing. The car-
rier bay flooring will support loads from rail cars
and trucks. Similarly, disposal container welder
maintenance and service bays will have no radia-
tion shielding requirements, and the superstructure
can be structural steel framing with metal siding
and roofing.

The facility cold support (non-waste handling)
areas will include the administrative offices and
laboratories, and have no radiation shielding
requirements. The facility will be a steel-framed
structure with sheet metal siding and will be a con-
crete slab on grade. The second floor concrete slab
and metal deck roof will be supported by steel
beams and columns. The disposal container prepa-
ration area will be an industrial type operations
area without radiation shielding requirements, and
will be constructed with light steel framing with
sheet metal siding.

These areas will be separated from the facility
primary structure to avoid interaction during an
earthquake. The structural engineering effort for
surface facilities was limited to preliminary pro-
portioning of structural members (beams, columns,
bearing walls, foundations, etc.) for estimated
gravity loads such as structural member weights,
equipment weights, and overhead crane lifted
loads. Facility radiation shielding requirements
resulted in wall thicknesses of 5 and 3 ft and floor
and roof slabs up to 2 ft thick. Conservative struc-




A\

Viability Assessment of a Repository at Yucca Mountain

DOE/RW-0508/V2

tural member sizing was done in the preliminary
analysis to account for forces and stresses due to
earthquake loading.

Carrier/Cask Handling System. The carrier/cask
handling system will be located in the Waste
Handling Building (see Figure 4-8, Carrier/Cask
Handling System). The system will receive rail
and truck carriers containing loaded shipping casks
from the carrier/cask transport system, unload the
casks from the carrier, and transfer the casks to the
wet assembly transfer system (for casks containing
individual fuel assemblies or fuel assemblies in
nondisposable canisters) or to the dry canister
transfer system (for casks containing waste in
disposable canisters). The system will also receive
empty casks from the assembly transfer system and
canister transfer system, and nondisposable canis-
ters in overpacks from the assembly transfer
system.

The system will load empty shipping casks onto
carriers for transfer back to the Carrier Preparation
Building, where they will be prepared for shipment
back to waste generators. Empty transportation
casks that require other than incidental mainte-
nance will be loaded onto carriers for offsite ship-
ment to the appropriate Regional Service
Contractor. Nondisposable canisters in overpacks
will be shipped to an offsite recycling or disposal
facility. Four loading/unloading stations will be
housed in the Waste Handling Building carrier bay.
Two rail/truck lines will enter from one end of the
bay. The carrier cask transport system will provide
the prime movers, rail switching, and carrier
ensemble turnarounds so that carriers can be
moved in and out of the bay, and to minimize wait
time. Waste handling, in the loading/unloading
stations, will be provided by a carrier bay crane
and two gantry-mounted manipulators. The sup-
port equipment will include cask lifting yokes,
tooling, and fixtures required to support cask load-
ing and unloading.

Assembly Transfer System. The assembly trans-
fer system will be located in the Waste Handling
Building (see Figures 4-9a and 4-9b, Assembly
Transfer System). The system will receive ship-
ping casks and cool the casks in preparation for
handling in the pool. In the pool, spent fuel assem-

blies will be removed from the casks and nondis-
posable canisters will be cut open. The spent fuel
assemblies will be transferred into baskets and
stored or will be sent to the dryers, after which the
assemblies will be loaded into disposal contain-
ers. Empty casks and canisters will be prepared for
shipment offsite.

Cask unloading operations will begin with cask
cavity sampling, venting, cool down, and lid
unbolting. The cask preparation and pool transfer
operations will be performed using an overhead
crane. Casks containing individual fuel assemblies
will be lowered into a pool, and the cask lid will be
removed. Casks containing nondisposable canis-
ters will have the lids removed at the preparation
station; then the canister will be sampled, vented,
and cooled before being loaded into a pool. Casks
and canisters will be cooled down before lowering
them into the pool to prevent steam formation in
the pool and crud release from the outside surface
of the fuel assemblies.

Assembly unloading operations for nondisposable
canisters will begin by placing the canisters in an
overpack and cutting the canisters open with a cus-
tom underwater lid severing tool. Fuel assembly
transfer from open casks and canisters will then be
performed using a wet assembly transfer machine.
Empty casks and lids will be removed from the
pool and returned to cask preparation to prepare
them for reshipment. The nondisposable canisters
will be removed from the pool and returned to cask
preparation to prepare them for offsite disposal or
recycling. In the pool, individual fuel assemblies
will be placed in assembly baskets. The baskets
will be staged in the pool or placed in a basket
transfer cart when the assembly drying station in
the assembly transfer cell will be ready to receive
them.

The baskets, which hold four to nine assemblies,
will be transferred up an inclined transfer canal out
of the pool and into the shielded assembly transfer
cell for drying. The operations will include mov-
ing the loaded baskets into the dryers and subse-
quent transfer of the dried assemblies from the
baskets into disposal containers. Drying the
assemblies prior to transfer into disposal containers
drives off residual moisture which, in turn, will
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help to prolong the integrity of the waste form and
the life of the waste package. Basket handling and
disposal container loading operations will be per-
formed with a dry basket and assembly transfer
machine. After the assemblies are loaded into a
disposal container, a temporary seal lid will be
installed. The disposal container will then be
decontaminated, filled with an inert gas, and pre-
pared for welding.

Three identical assembly transfer lines will be pro-
vided. The lines can operate concurrently to han-
dle the maximum number of casks received. Each
cask unloading area will contain an airlock, one or
more cask preparation pits, and a cask unloading
pool. The handling equipment will include cask
transfer carts, overhead bridge cranes, assembly
handling machines, and nondisposable canister lid
severing tools. The cask unloading pools will
include assembly transfer canals for transferring
assemblies between the three pools, wet staging
racks for staging the assemblies, assembly transfer
baskets for handling multiple assemblies, and bas-
ket transfer carts for transferring baskets from the
pool to assembly drying units in the fuel assembly
transfer cells.

The disposal container loading area will contain
drying vessels, a disposal container loading cell,
and a decontamination and inerting cell. The area
will be supported by handling equipment consist-
ing of a dry basket and assembly transfer machine,
an overhead bridge crane, manipulators, and
decontamination and inerting equipment. Various
manipulators, lifting fixtures, carts, and tooling
will be provided for basket, fuel assembly, and
container handling.

Canister Transfer System. As described in the
Canister Transfer System Design Analysis, the can-
ister transfer system will receive shipping casks
containing large and small disposable canisters,
transfer the canisters from the casks into disposal
containers, and prepare the empty casks for reship-
ment (CRWMS M&O 1997a).

Cask unloading will begin with cask inspection,
sampling, and lid bolt removal operations (refer to
Figure 4-10, Canister Transfer System). The casks
will be transported into a canister transfer cell via a

cart, where the cask lids will be removed, and the
canisters will be unloaded. Small canisters will be
loaded directly into a disposal container or will be
stored until enough canisters are available to fill a
container. The large canister will be loaded
directly into a disposal container, and temporary
lids will be installed. Shipping casks and related
components will be decontaminated, as necessary,
and empty casks will be prepared for reshipment.
Two identical remotely operated and shielded can-
ister transfer lines will be provided in the Waste
Handling Building. The lines will be operated con-
currently to handle canistered waste transfer
throughput. Each cask preparation area will
include an airlock, a cask preparation station, and a
cask decontamination station.

Remote handling equipment will consist of cask
transfer carts, manipulators, fixtures, and tooling
required to perform cask unbolting, venting, lid
removal, and decontamination. The canister han-
dling areas will include a canister transfer station
supported by remote handling equipment, includ-
ing a bridge crane (sized to handle large canisters),
a manipulator, and large/small canister lifting fix-
tures. A canister storage rack will be provided for
the accumulation of small canisters to accommo-
date facility and equipment outages and for mixing
canisters with various waste forms in a disposal
container (referred to as co-disposal). A transfer
corridor crane will traverse the canister and assem-
bly handling cells for moving equipment in and out
of the equipment maintenance bays.

Disposal Container Handling System. The
system will prepare empty disposal containers for
loading; receive full disposal containers from the
assembly transfer system and canister transfer
system; weld, test, and inspect the containers; and
transfer them to the waste emplacement system, as
discussed in Section 4.2. The system also will
receive and handle retrieved waste packages from
the subsurface and disposal containers with defec-
tive welds or other minor damage and route them
to the waste package remediation system for
corrective action (see Figure 4-11, Disposal
Container Handling System).

Disposal container preparation will begin by
unloading empty containers from the rail carrier,
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staging the containers, installing handling collars
and basket spacers, and transferring the containers
to the disposal container handling cell. In the cell,
empty containers will be transported to the assem-
bly transfer system or canister transfer system for
loading. Loaded containers will be transferred to
the welding stations or to a staging area to wait for
welding.

Welding operations will include positioning the
containers on a turntable, removing temporary lid
seals, welding the inner lid, inerting the container
with helium, and installing and welding the outer
lid. Each welding operation will be followed by
nondestructive weld examination to determine if
the container meets the criteria for placement in the
repository. Upon meeting the criteria for place-
ment in the repository, the unit will be termed a
waste package. The transfer operations will
include tilting the waste package to a horizontal
position, removing the handling collars, decontam-
inating the waste package, and loading the waste
package into a subsurface transporter.

The system will be located in the Waste Handling
Building and will include the areas for empty
container preparation, welding, waste package
staging, tilting, decontamination, transporter load-
ing, operating galleries, and equipment mainte-
nance. These areas will operate concurrently to
meet container throughput, which will be based on
the waste emplacement schedules in Section 3.2.2.
The empty container preparation area will be
located in an unshielded structure and includes a
carrier unloading dock. The loaded container
handling equipment will be located in a shielded
cell and will include a bridge crane, tilting station,
container lid, and fixture preparation equipment.
There will be eight disposal container welding
stations, 20 staging (temporary storage) positions,
five transfer carts connecting to the assembly trans-
fer system and canister transfer system, and a tilt-
ing station. Welding operations will be supported
by a remotely operated bridge crane and hoist,
weld station jib cranes, and container turntables.

The waste packages will be prepared and loaded
into an underground transporter within a shielded
cell that will be supported by a remotely operated
horizontal lifting system, decontamination equip-

ment, manipulators, and a horizontal transfer cart.
All handling operations will be supported by a
number of fixtures, including waste package yokes,
lifting collars, and lid collars. Remotely operated
equipment will be designed to facilitate mainte-
nance, and interchangeable components will be
provided where appropriate.

Waste Package and Disposal Container Reme-
diation System. The waste package remediation
system will receive retrieved waste packages and
defective or otherwise damaged disposal contain-
ers from the disposal container handling system
and perform operations required for repair or
examination of the containers. Repair or examina-
tion refers to either minor repair and examination
or major operations requiring opening the con-
tainer. The system will be located in the Waste
Handling Building (refer to Figure 4-7, Waste
Handling Building Floor Plan).

Waste packages will be retrieved for examination
if failure or damage to the package has been
detected. Examination may include remote visual
and other nondestructive techniques, as well as
analysis of physical samples required for perfor-
mance confirmation. A general machining capa-
bility will provide limited repairs, such as welding
defects in the package lids. Operations requiring
the opening of a package will be infrequent, but
will use the general machining capability to
remove the inner and outer lids, as required. The
system will interface with the disposal container
handling system and will be designed to handle one
container at a time.

A waste package or a disposal container will arrive
at the cell on a transfer cart and will be placed at a
repair/examination station by a crane. The pack-
age or container will exit the cell by the same
method. Before opening, the container will be
vented and the temperature, pressure, and gas com-
position internal to the package will be sampled.
Inner and outer lids will be removed in a way that
the package can be refurbished if possible. If a
container is beyond repair, a temporary seal will be
installed and it will be transferred by the disposal
container handling system to the assembly transfer
system or the canister transfer system for unload-
ing. The empty container can be decontaminated
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and returned to the waste remediation system for
further examination, or it can be shipped offsite for
refurbishment or disposal.

The system will include a wide variety of remotely
operated components, including a crane with lift-
ing yokes and fixtures; viewing systems and
manipulators; machine tools for opening and/or
repairing containers; analyzers and test instru-
ments; and equipment used to take samples, per-
form nondestructive examinations, and collect
data.

Waste Handling Building Ventilation System.
The Waste Handling Building ventilation system
will supply fresh air and control the environmental
conditions in the facility operating, equipment, and
support areas. The system will operate in conjunc-
tion with the facility physical barriers to control the
air flow and pressure in each controlled area. The
exhaust air will be filtered to prevent the spread of
radioactive contamination, exposure to personnel,
and releases to the environment. Airborne radioac-
tive release rates will be controlled within environ-
mental standard limits, and releases to the
personnel occupancy zones will be controlled to
below health safety standard limits. The primary
ventilation zone will be enclosed by the facility
physical protection barriers (shield walls and
doors) that confine the primary waste handling
equipment and waste forms. The secondary zone
will have a potential for contamination, and the
tertiary zone will normally be free of radiation or
contamination, as discussed in the Surface Nuclear
Facilities HVAC Analysis (CRWMS M&O
1997aj). Refer to Figure 4-12, Environmental
Design Conditions.

The ventilation system will control the three con-
finement zones, establish the airflow, and control-
ling the facility and area room pressures. Air flows
from the outside environment to operational areas
and then is discharged to the filtration system and
the exhaust stack (refer to Figure 4-13, Waste Han-
dling Building - Ventilation Flow Diagram).

The system will maintain the pressure differentials
between the primary zone (low pressure relative to
the secondary zone), secondary zone (negative
pressure relative to the outside environment), and

tertiary zone (low pressure relative to the outside
environment, but higher than the secondary zone).
Each zone will consist of an independent ventila-
tion system with separate instruments and controls,
and will be integrated (coordinated) by a central
ventilation control system. The supply air segment
of each ventilation system will consist of a tor-
nado-missile-resistant outside air intake, capable of
withstanding the impact of a missile such as an air-
borne piece of wood or metal carried by a tornado;
an air handling unit with filters, heating and cool-
ing units, and sprayers; and supply air fans that will
distribute the air through supply air ducts. Damp-
ers will be controlled to maintain the air conditions
to each zone area. The exhaust air segments of the
systems will provide contamination confinement.
Each zone system will consist of exhaust air ducts,
high efficiency particulate air filter units, exhaust
air fans, and tornado dampers. The three ventila-
tion systems will exhaust to a single facility
exhaust air stack which will contain radiation mon-
itoring equipment.

The emergency ventilation system will be powered
by an emergency power system located in the facil-
ity, as discussed in the paragraph on the Waste
Handling Building electrical system.

Radiation Access Zones in the Waste Handling
Building. Various areas in the Waste Handling
Building will be designated to have radiation levels
that either preclude human occupancy or in which
occupancy will be controlled. These areas will be
designated as radiation access zones, which will be
defined as areas with radiation levels that poten-
tially fall within boundaries that correlate with the
limits in 10 CFR 20 and with the more conserva-
tive current operational policies that are in practice
at the Nevada Test Site and other DOE sites, as
described in DOE radiological control manuals.
The object of the radiation access zones will be to
provide a design framework that realistically limits
radiation exposures to as low as reasonably achiev-
able levels given the state of technology, econom-
ics, and the benefits to the public health and safety.
The radiation access zones that will be designated
in the Waste Handling Building for the VA refer-
ence design are described in Table 4-1, Waste Han-
dling Building Radiation Access Zone
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Table 4-1. Waste Handling Building Radiation Access
Zone Designations

Radiation Zone

Description

Very High Radiation This zone occurs where sources
Area (e.g., spent fuel assemblies, high-
>500 rem/hour level radioactive waste canisters)
are transferred unshielded to
either storage or disposal
containers.

No Normal Access Permitted.

This zone covers the loaded
disposal container handling areas
and cask operations areas.

No Normal Access Permitted.
Access permitted under
controlled conditions with
Special Radiation Work
Permits.

High Radiation Areas
>0.1 rem/hour to <500
rem/hour

Radiation Work Permit
Areas

>0.25 mrem/hour to
<0.1 rem/hour

General Work Areas, Carrier Bay,
Cask Preparation Area

Unrestricted Opera-
tions Area

<0.25 mrem/hour

General areas of the operating
corridors

Designations. ~ Figure 4-14, Radiation Levels,
depicts the maximum dose levels anticipated dur-
ing the handling of waste in the Waste Handling
Building.

Waste Handling Building Radiological Monitor-
ing System. Area radiation, continuous air, and
criticality monitors will be installed in the operat-
ing and equipment areas, including facility ventila-
tion filtration and exhaust stack equipment, waste
handling pools, and dry waste handling areas. The
monitoring system will monitor trends in any
increases of radiation from expected area radiation
levels, and will provide warnings and advisories
before unsafe levels will be reached. The detection
instruments will perform self-tests on operating
status and calibration, record the results, and report
anomalies and failures. The system will operate in
coordination with the health safety system, which
will maintain personnel dosimeters as well as por-
table and full body radiation monitors to personnel
who may be exposed during access to the facility
and controlled areas. Essential radiation data and
alarms will be provided to facility personnel, secu-

rity, health physics, and emergency response sys-
tems.

Waste Handling Building Electrical System.
The Waste Handling Building electrical system
will perform the function of conditioning, distrib-
uting, controlling, and monitoring power to waste
handling facility users. The system will consist of
the step down (voltage reduction) transformers,
switchgear, controls, uninterruptible power sup-
plies, and electrical distribution ~subsystems
required to power facility material handling, facil-
ity lighting, ventilation, instrumentation and con-
trols, radiation monitoring, and process equipment.
The process equipment will be associated with
facility waste collection, vacuum, industrial air,
gas supply, decontamination, and pool condition-
ing.

Facility power will be provided from 12.47-kVA
electrical switchgear circuits A and B at the site
power switchgear (refer to Figure 4-15, Normal
and Emergency Power System). Power required
for Waste Handling Building safety class equip-
ment and nonsafety class equipment will be distrib-
uted throughout the facility from electrical buss A
and B. The power will be distributed to facility
electrical loads through 480-volt panel boards,
motor control centers, and load centers. Safety
class equipment will include the ventilation
required to maintain radiological confinement, as
well as selected cask and waste handling equip-
ment, security, communications, and essential
health and safety systems.

Safety Class equipment will be required for miti-
gating and confining a radiological release, the
most important being the facility ventilation
exhaust fans. The fans will maintain facility air
flows and pressures to confine an unlikely radia-
tion release to uninhabited areas and filter the
emissions that might be released to the environ-
ment. Safety Class operating equipment loads will
also be provided power from a 1,000-kVA, quick-
start emergency diesel generator located in the
facility. The emergency generator will automati-
cally start on loss of utility power and receive fuel
from a dedicated diesel fuel tank sized to handle
safety loads for 24 hours without refilling. The
generator will also be Safety Class equipment.
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Facility safety-related equipment, including facil-
ity instrumentation, radiation monitoring, and com-
puter systems, which cannot tolerate a power
- interruption, such as a temporary power loss or
brown out (low voltage), will be supplied with
uninterruptible power supplies. These supplies
will consist of storage batteries, battery chargers,
and converters that convert direct current voltage
to alternating current voltage. On utility power
failure, the safety backup power will be transferred
instantaneously (bumpless) from the storage bat-
tery equipment, or can be switched to emergency
power.

Waste Handling Building Fire Protection Sys-
tem. The Waste Handling Building fire protection
system will perform the function of detecting and
automatically suppressing fire in the facility. The
fire detection subsystem will automatically moni-
tor and sound an alarm for fire and potential fire
conditions based on smoke, heat, and rate of tem-
perature rise conditions. The fire detection system
will automatically alert facility personnel, the fire
house, site security, and other emergency response
stations of the fire conditions, and initiate the facil-
ity fire suppression subsystem in the affected areas.

Smoke and heat detection, fire pull boxes, and
alarm instrumentation will be installed throughout
the facility in accordance with national and local
fire codes and radiological facility standards. The
suppression system will automatically initiate wet
sprinkler or water deluge equipment when fire or
smoke is detected. The system will include the
required dry chemical extinguishers, fire hoses,
and pull box stations located throughout the facil-

ity.

The fire protection system will provide timely and
reliable initiation of fire alarm and suppression
equipment and accurate location of the fire to
emergency response and support personnel. The
system will operate in conjunction with the facility
ventilation system to detect smoke and fire in spe-
cific areas and to minimize the conditions through
controlled ventilation. The detection and alarm
system will be powered from an uninterruptible
power supply.

The system will be installed in all facility operating
and equipment areas, and will include posted
instructions for the safe and controlled egress of
facility personnel. The suppression systems will
be connected to the site fire water system. In radia-
tion controlled areas and areas where there will be
a potential for contamination, sprinkler water from
the automatic fire suppression system will be col-
lected by floor drains and routed to a holding tank.
If contaminated, it will be treated before disposal.
Wet fire suppression systems will not be used in
areas with open access to dry spent nuclear fuel.
4.14.3 Waste Treatment Building

The Waste Treatment Building will house the site-
generated radioactive waste handling system which
collects and prepares the site-generated low-level
radioactive solid, liquid, and mixed waste for dis-
posal. Waste will be referred to in this section as
low-level radioactive waste in either solid or liquid
form. The system will control the collection of
waste and treats it prior to packaging for disposal
offsite. The Waste Handling Operations - Dose
Assessment concluded that the radioactivity of the
waste will be low enough that no special facility
features will be required to meet NRC radiological
safety requirements for shielding and criticality
(CRWMS M&O 1997an).

The building will be adjacent to the Waste Han-
dling Building carrier bay. The facility will house
the handling equipment, process tanks, piping,
instrumentation, offices, and personnel involved in
the collection and processing of chemical liquid
and solid waste from the Waste Handling Building
preparation and handling processes. The system
will also contain equipment, tanks, and piping for
dewatering of spent resin that has been used for
purification of the three pools in the Waste Han-
dling Building (refer to Figure 4-16, Waste Treat-
ment Building Floor Plan).

The Waste Treatment Building will be a two-story,
high-bay industrial, steel frame structure. The
main operating floor will be a cement slab on
grade. The superstructure will be braced-frame
structural steel, with metal siding and a metal deck
roof. Support personnel offices will be located on
the ground floor. An elevated floor or mezzanine
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will be located above the personnel offices for the
facility mechanical equipment.

Site-Generated Radiological Waste Handling
System. The site-generated radiological waste
system will receive radioactive liquid and solid
low-level radioactive waste generated at the waste
handling facilities within the controlled area and
will safely process the waste, as discussed in the
Secondary Waste Treatment Analysis (CRWMS
M&O 1997ae). The process will include separat-
ing solid and liquid waste, processing liquid waste
to enable reuse of water, placing the waste in con-
tainers so that it will be suitable for disposal, and
storing waste to wait for offsite disposal. The
Waste Treatment Building will house the systems
that process the waste streams described in this
section.

In the surface waste preparation and handling oper-
ations, solid and liquid low-level radioactive waste
will be produced, most of which will be from the
Waste Handling Building. The operations will
include decontamination of shipping casks, mate-
rial from a facility transfer cell, and radioactive
waste handling equipment. Some of these opera-
tions will be performed with chemicals and wipes,
which will also become waste. Waste will also be
collected from the Waste Handling Building pool
skimming and filtration equipment; cuttings from
the process of opening nondisposable canisters;
contaminated tooling and clothing; facility ventila-
tion filters; chemical sumps; and carrier and trans-
porter washdowns.

Used (opened and unloaded) dual-purpose canis-
ters will be considered low-level radioactive waste;
they will be placed in an overpack suitable for
shipping. The used canisters will be packaged for
offsite shipment at the Waste Handling Building
and will not be processed by the system described
in this section.

The majority of the Waste Handling Building lig-
uid waste will be pumped through piping to the
Waste Treatment Building process systems. Other
waste will arrive in sealed containers on the site
transportation system. Recyclable liquid waste
will be treated and made available for users.
Chemical liquid and solid waste that will not be

recyclable will be grouted (immobilized in cement)
and packaged for disposal. Compactible solid
waste will be sorted, compacted, and readied for
disposition. Noncompactible solid waste will be
cut into pieces, or otherwise physically reduced in
size, and will then be grouted and packaged. All
nonrecyclable waste will be processed and com-
pacted in 55- or 85-gallon drums and readied for
shipment to a licensed low-level radioactive waste
disposal facility (refer to Figure 4-17, Recyclable
Liquid Low-Level Radioactive Waste Treatment,
Figure 4-18, Chemical Liquid Low-Level Radioac-
tive Waste Treatment, and Figure 4-19, Solid Low-
Level Radioactive Waste Packaging).

Mixed waste will be waste material exhibiting the
characteristics of both low-level radioactive waste
and hazardous waste. It is not anticipated that this
waste will be produced as a result of normal opera-
tions, and the system will eliminate or control the
generation of mixed waste. An allowance will be
made for staging a small quantity of this waste
within the Waste Handling Building. The mixed
waste will be collected, packaged, and temporarily
staged, pending offsite shipment.

Waste Treatment Building Ventilation System.
The Waste Treatment Building ventilation system
will supply air and control the operating zone pres-
sure and environmental conditions to equipment
and personnel areas within the facility. The system
will maintain the minimum required pressure dif-
ferentials in the low-level radioactive waste pro-
cess and handling areas to facilitate controlled air
flow, and control the temperature inside the facility
to be within prescribed equipment and occupancy
safety limits. As discussed in the Surface Nuclear
Facilities HVAC Analysis, the ventilation system
design and operation will be similar to the Waste
Handling Building system previously described,;
however, there will not be a primary ventilation
zone, the equipment will not be safety class, and
emergency backup power will not be provided
(CRWMS M&O 1997aj).

Airborne contamination will be removed and
airflow will be controlled away from penetration
barriers to protect personnel from radiation expo-
sure and minimize inadvertent release of radioac-
tive particles to the site boundary. Fire protection,
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radiation monitoring, and leak detection systems
will also be included in the design.

4.1.5 North Portal Balance of Plant Facilities
The balance of plant area will include the facilities
required for the management and support of waste
handling, repository development, and waste
emplacement operations. There will not be radio-
logical handling activities associated with balance
of plant facilities, which will be located outside the
controlled area (refer to Figure 4-1 for the general
location of the balance of plant facilities at the
repository). The majority of the facilities will be of
structural steel frame construction with insulated
roofs and siding. The computer center will be con-
structed of reinforced concrete for security pur-
poses. The facilities will be constructed in
accordance with the Uniform Building Code
(ICBO 1997).

Administration Building. The administration
building will include the site operations manage-
ment and planning, waste transportation coordina-
tion, and administration offices. Also included will

be areas and offices for training, performance con-
firmation laboratories, a computer center, and a
cafeteria. The transportation coordination center
will maintain the offices and transportation dis-

patcher communication systems. The computer
center will be in a hardened portion of the facility
and will house the central computers, network
servers, workstations, and computer peripheral
equipment required for site planning and manage-
ment, dispatch, monitoring and control, office, and
data systems.

The training center will provide the classrooms,
training equipment, offices, and records centers
required to train personnel and plan and maintain
the site personnel training and certification pro-
gram. Laboratory space will also be provided for
collection and analysis of the performance confir-
mation program data and samples.

Fire Station. The fire station will be a major ele-
ment of the onsite emergency response system.
Fire station personnel will respond to fires and
accidents to provide required treatment and to sta-

bilize accident conditions. The station will main-
tain fire and rescue vehicles, equipment, and
trained professionals required to respond to fires
and other onsite emergencies.

Medical Center. The medical center will be
located adjacent to the fire station. It will maintain
a full time doctor, nurse, treatment rooms, and the
medical stores required for treating injuries and ill-
nesses. A communications area will coordinate
with offsite professional medical, fire, rescue, min-
ing, and radiological emergency organizations.

Central Warehouse. The warehouse will main-
tain an inventory of critical equipment spares,
materials, and consumables required for maintain-
ing operations.

Central Shops and Motor Pool Facility. The
shops will provide the basic machining, carpentry,
plumbing, mechanical, and electrical repair capa-
bility to support general site and utility repair and
improvements. The motor pool will provide for
general conventional vehicle maintenance and
fueling.

Mockup Building. The Mockup Building will
house the critical systems required to test the oper-
ational material handling systems, develop mate-
rial handling procedures, support development of
new handling equipment and upgrades to existing
equipment, and train personnel. Wet and dry waste
handling test beds will be available in the Mockup
Building.

Utility Building. The Utility Building will be
located next to the cooling tower, and consist of a
mechanical equipment room, an office, and
restrooms. The equipment room will house facility
heating, cooling water, water treatment, and indus-
trial air systems. The cooling water system will
include chillers, pumps, and tanks to supply chilled
water to North Portal facility ventilation systems.
The water treatment system will treat make-up
water (water lost mostly due to evaporation) for
facility systems, with the major user being the
cooling tower. The air system will provide indus-
trial quality air for distribution.
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4.1.6  Security and Safeguards System

The security and safeguards system will consist of
facilities, subsystems, and equipment throughout
the site. The system will perform the surveillance
and safeguard functions required to protect the
repository from unauthorized intrusion, radiologi-
cal sabotage, theft, and the diversion of nuclear
material. The system will include site security bar-
riers, gates, automated surveillance, badging of
personnel and visitors, and record subsystems
required to monitor and control access to all site
areas and facilities. To prevent unauthorized
access and theft and to provide timely detection of
contraband, including explosives, arms, and haz-
ardous or dangerous substances, security inspec-
tions will be performed at three access points to the
surface facilities. Other security inspections will
be provided at the construction and emplacement
areas associated with the subsurface operations.
4.1.7 Health Safety System

The health safety system will monitor personnel
exposure to hazardous substances and radiation.
The system will monitor operational areas for
hazardous materials and personnel for exposure to
radiation and hazardous substances, including
hazardous operating and maintenance conditions.
The system will maintain a safety program and a
safety training program, perform health and safety
surveillance and surveys, develop and maintain
safety procedures, maintain health records, and
manage corrective action for unsafe conditions.
The safety system will also provide breathing air
for emergency and off-normal waste handling
operations and control access to radiologically
controlled areas based on procedural restrictions,
including personnel radiation exposure histories.

The health safety system will monitor access to the
site radiological facilities and controlled areas.
Sufficient health safety coverage will be provided
for all radiological and hazardous areas to ensure
that workers will be protected from exposure to
hazards, and that the safety measures, safety or
protective clothing, and equipment decontamina-
tion facilities will be available and in useable con-

dition. Personnel health safety will be monitored,
tracked, and recorded, and records will be used to
control area access.

The system will operate in conjunction with the
administration system and the medical facility to
collect and maintain personnel health data. Health
physics laboratories, offices, and calibration shops
will be located in the waste handling building in
the controlled area. These shops will maintain the
radiological and hazardous detection equipment
and personnel dosimeters and perform personnel
surveys during operations.

4.1.8  Surface Environmental Monitoring
System

The surface environmental monitoring system will
monitor the surface areas and groundwater for
radioactive and hazardous substance release into
the environment. The system will monitor and col-
lect environmental data from key site areas for air-
borne particles containing radioactive or hazardous
components. It will also monitor facility effluents
and tests wells for radiation and hazardous mate-
rial, gather meteorological and seismic data, and
collect soil and vegetation samples for analyses.

The subsystems of the environmental monitoring
system will be as follows:

* Air quality monitoring system

¢ Liquid effluent monitoring system

* Meteorological monitoring system

* Surface environmental monitoring system
* Groundwater monitoring system

* Seismic monitoring system

The system will monitor trends in environmental
data, record the data, alarm the data thresholds at
the central stations, and alert operations authorities
when established thresholds will be exceeded. The
system will include sensors, instrumentation, ana-
lyzers, and the manual and automated data collec-
tion equipment required to collect, process,
display, store, and archive site environmental data
and provide periodic and event reports.
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4.1.9 Emergency Response System

The emergency response system will respond to
accident conditions at or near the repository and
return or stabilize the conditions to as close to nor-
mal as possible. The system will maintain the
emergency and rescue equipment, communica-
tions, facilities, and trained professionals required
to respond to fire, radiological, mining, industrial,
and general surface and subsurface accident
events.

The system will control rescue and site evacuation
services and provide medical care to personnel. It
will coordinate this capability with offsite organi-
zations as required to mitigate accident conditions
and treat the injured. The primary emergency
response subsystems will consist of the fire station,
medical center, and emergency response center.

The emergency response system will be located in
the Administration Building, in the balance of
plant area. It will be supported by the health safety
and underground rescue capabilities at the site and
will maintain special rescue equipment stores.
Emergency response teams will include onsite and
offsite emergency specialists and professional peo-
ple, augmented by special teams of highly trained
onsite personnel. The site systems will be operated
full-time and will be supported by offsite profes-
sional medical, fire, and rescue organizations.
Communication with these organizations will be
accomplished through a redundant emergency
communications capability consisting of a land line
and microwave systems. Emergency facilities,
systems, and personnel will be maintained at a high
degree of readiness. The system will interface with
all site operational areas and facilities and maintain
a full-time interface with the site and offsite fire,
medical, and transportation systems.

4.2 REPOSITORY SUBSURFACE
FACILITIES

This section describes the design and layout of the
repository subsurface features, the ground control
system that will support excavated openings, the
waste transportation and emplacement system
components, the subsurface ventilation systems,
the monitoring and control systems, and the utili-

ties (water) required to support construction and
operation of the repository. In addition, it
describes the equipment and processes to be used
to retrieve any emplaced waste packages, if
required.

The repository siting volume is the three-dimen-
sional mass of rock that will be used for the
emplacement of the waste packages. The reposi-
tory host horizon is located above the water table in
the dry, unsaturated zone, consisting of volcanic
tuff, to take advantage of the features of the natural
barrier.

As dictated by the siting criteria, the repository
emplacement drifts and perimeter main drifts will
be located entirely within this volume
(Figure 4-20). The repository siting volume was
defined by applying the siting criteria to a com-
puter model of the site geology (CRWMS M&O
1997e, Section 4.2 and 4.3). The defining limits
include the following:

¢ 200-m (656-ft) overburden thickness limit

« Top of repository host horizon (minus 5 m,
or 16.4 ft)

» Bottom of repository host horizon (plus
10 m, or 32.8 ft)

« 100-m (328-ft) standoff above the ground-
water table

» 60-m (197-ft) standoff from Type I faults
(except on the west side of Ghost Dance
fault where the standoff is 120 m, or 394 ft)

Applying these limiting criteria to the geologic
model defines the repository siting volume. By
sectioning through this volume at various eleva-
tions and orientations, alternative repository siting
options can be examined. A section through the
repository design is illustrated in Figure 4-21.

The waste emplacement block will be at least
200 m (656 ft) below the surface and at least 100 m
(328 ft) above the groundwater table. The lateral
limits are defined by a standoff of 60 m (197 ft),
except for the Ghost Dance fault which is
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120 m (394 ft) from major faults (CRWMS M&O
1997e, Section 8).

4.2.1 Subsurface Layout

The layout of the subsurface portion of the reposi-
tory is shown in Figure 4-22. Principal features
identified in the figure include the north and south
ramps, the east and west main drifts, the exhaust
main drift located between and below the east and
west drifts, and the emplacement drifts. The physi-
cal location and general arrangement of the subsur-
face facility in the unsaturated zone above the
water table takes advantage of the mountain's natu-
ral geologic barrier and other attributes as part of
the overall waste containment strategy. Another
design consideration was locating the emplacement
drifts away from major faults.

The subsurface portion of the repository is
designed to perform the following functions:

» Accept loaded waste packages from the
surface facility

e Transport the waste packages to the
emplacement drifts

* Place the waste packages within the

emplacement drifts

* Monitor the performance of the waste
packages and drift environments before
closure

* Maintain the capability to retrieve the waste
packages

e Install closure barriers and seals for the
underground openings, including surface and
subsurface boreholes

In addition to the major design considerations
affecting subsurface layout and general arrange-
ment discussed in Section 4.2, additional consider-
ations affecting the subsurface layout and general
arrangement include the following:

» Size and weight of the waste packages:
Canistered and uncanistered waste forms

will be transported from the surface to the
subsurface emplacement drifts in large,
heavy waste packages. Section 4.2.3
describes the waste package transport system
and its effect on the design of the ramps and
main drifts and on the selection of waste
package transportation and emplacement
equipment.

Size, configuration, and operating require-
ments of construction equipment: Section 6
describes the concepts for constructing and
operating the repository. The construction
equipment and the support functions will
impact the size and shape of the excavated
openings, as discussed in the Repository
Subsurface Layout Configuration Analysis
(CRWMS M&O 1997ab, Section 7.1.5).

Construction methods, sequence, and
equipment productivity: These issues affect
the subsurface layout with respect to
construction methods (mechanical
excavation or other means) and overall
constructibility.  Section 4.2.1.4 discusses
the construction and operation sequencing
and construction methods.

Concurrent construction and emplacement
operations: Construction and emplacement
operations will be performed concurrently so
that the repository can begin accepting waste
before all of the emplacement drifts have
been completed.

Waste retrieval after waste emplacement
operations have begun: The subsurface
layout must support retrieval of any one or
all of the waste packages during the
preclosure phase. Section 4.2.7 discusses the
concepts and operations for retrieving waste
packages.

The repository subsurface layout (Figure 4-22) is
designed to accommodate the emplacement of
70,000 MTU as discussed in the Repository
Subsurface  Layout  Configuration  Analysis
(CRWMS M&O 1997ab, Section 8) and the
Repository Thermal Loading Management Anal-
ysis (CRWMS M&O 1997ac) at an areal mass
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loading of 85 MTU/acre (CRWMS M&O 1997ac,
Section 8). This layout will include an estimated
contingency capacity of 15 percent (CRWMS
M&O 1997ab, Section 7.1.3.2). The final capacity
will depend on ground conditions encountered, as
well as future direction by the U.S. Congress. No
waste packages will be emplaced in locations
where inspections have determined that the ground
conditions are unsuitable. The underground area
available for repository siting is described in the
Determination of Available Volume for Repository
Siting (CRWMS M&O 1997¢). Flexibility in
repository subsurface layout is addressed in
Section 7.1.

The repository subsurface layout is configured so
that most of the openings can be mechanically
excavated. Access ramps, main drifts, and the
emplacement drifts will be excavated using tunnel
boring machines similar to the one used to bore the
Exploratory Studies Facility tunnel (CRWMS
M&O 1997ab, Section 4.3). A roadheader will
excavate short openings such as the tunnel boring
machine assembly and disassembly chambers,
emplacement drift turnouts, and other drifts that
cannot be practically excavated using tunnel boring
machine. Although roadheader productivity is low
compared to the productivity of the tunnel boring
machine, the crawler-mounted roadheader has
greater mobility and is better suited for excavating
openings with non-circular cross sections.

The repository will incorporate the existing north
ramp, east main drift (Topopah Spring main drift),
and south ramp, which were excavated during
development of the Exploratory Studies Facility.
Exploratory Studies Facility openings will be
upgraded as necessary to meet repository require-
ments for ground support, access, and utilities.

The major features of the subsurface repository
layout are as follows:

* A series of main drifts and an exhaust main
drift

* Long, parallel emplacement drifts housed in
a single emplacement block

* Two ventilation shafts and two access ramps

These primary features are supported by a number
of ancillary systems.

Two separate rail systems will transport workers,
construction material, and the waste packages.
One system will support the development area, the
portion of the repository under construction. The
second system, described in Section 4.2.3, will
support waste transport and emplacement opera-
tions.

A final concrete invert (floor of the drift) will be
installed in all openings (Section 4.2.2.5). In the
ramps and mains, the final invert will be placed on
top of the precast concrete invert that will be
installed when the openings are constructed. There
is a height differential between the emplacement
drift excavation operation and the waste package
emplacement operation. Because of this differen-
tial, the final invert for the emplacement drift turn-
outs cannot be installed until after the emplacement
drift has been excavated.

Two decontamination chambers will be excavated
in the north main drift: one for equipment and one
for personnel. The equipment chamber will be
sized to accommodate the waste package gantry
mounted atop the gantry carrier, which is the
largest piece of equipment required for waste
package emplacement operations. The personnel
chamber will be located near the equipment decon-
tamination chamber. Both chambers will include a
shower mechanism using water for decontamina-
tion. A sump will be installed in the chambers to
collect contaminated water. The contaminated
water will be removed from the sump and trans-
ported in containers to the Waste Treatment
Building (Section 4.1.4.3) for treatment. The
equipment decontamination chamber will also be
equipped to provide other appropriate methods for
decontamination. An air lock door will be installed
at the entrance of each chamber. An independent
fan system with high-efficiency particulate air
filters will be installed in each chamber to pull air
from the main drift into the chamber.

Two sizes of electrical alcoves will be located
throughout the subsurface facility. The larger
alcoves will each house a trolley rectifier, substa-
tion, and switchgear box. Each of the smaller
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alcoves will house a substation and switchgear
box.

To prevent water from collecting around the waste
packages inside the emplacement drifts, the
emplacement drifts will be excavated to crest at the
midpoint of the drift where the ventilation raises
will be located. Any water will flow out of the
emplacement drift, down the turnout, and into the
east and west mains. The east and west mains will
slope downward from the south to the north to the
lowest point in the repository, which is along the
north main where it intersects the exhaust main.
Any water collected before closure will be pumped
to the surface.

The utilities and systems required for excavation of
the repository include nonpotable water supply,
compressed air, wastewater, electrical power, ven-
tilation, and a muck conveyor. The utilities and
systems that were installed for the excavation and
development of the Exploratory Studies Facility
will be used wherever possible. Section 4.2.6 dis-
cusses the subsurface utility systems. Support
facilities, such as Waste Handling Building and

construction support facilities (Section 4.1) will be

located at the surface. During the pre-emplace-
ment construction phase, the support facilities will
be located at the North Portal. During the concur-
rent development and emplacement operation, the
facilities will be separated. The development sup-
port facility will be located at the South Portal, and
the emplacement support facilities will be located
at the North Portal.

Excavated chambers are required to assem-
ble/launch and recover/disassemble, the 7.62-m
(25-ft) diameter tunnel boring machine, which will
excavate the access ramps, main drifts, and the
exhaust main drift. The assembly and disassembly
chambers for the 7.62-m (25-ft) tunnel boring
machine have been located to support the desired
construction sequence. Emplacement drift turn-
outs on the east side will serve as the launch cham-
ber for the 5.5-m (18-ft) tunnel boring machine.
Assembly chambers for the performance confirma-
tion drifts (Section 4.2.1.2) will be excavated as
needed. The 5.5-m (18-ft) tunnel boring machine,
which will excavate the emplacement drifts and the
performance confirmation drifts, is designed to

back out of the completed drift with only minimal
disassembly of some parts, so no disassembly
chambers are required.

If routine repairs and maintenance cannot be pro-
vided in the drifts, the 5.5-m (18-ft) tunnel boring
machine will receive required services in the
underground emplacement drift turnouts. Like-
wise, the 7.62-m (25-ft) tunnel boring machine will
receive required maintenance in the assembly or
disassembly chambers if in-drift repairs and main-
tenance are not feasible. All other construction
equipment and removable tunnel boring machine
parts (from both the 7.62-m [25-ft] and 5.5-m
[18-ft] tunnel boring machines) will be taken to the
surface for maintenance and repairs. All waste
package emplacement equipment will be taken to
the surface for maintenance and repairs.

4.2.1.1 Main Drifts and Exhaust Main Drift
The east main drift was excavated using a 7.62-m
(25-ft) diameter tunnel boring machine during
Exploratory Studies Facility construction. The east
main drift is near the top of the repository host
horizon and runs parallel to the Ghost Dance fault.
A similar 7.62-m (25-ft) diameter tunnel boring
machine will excavate the remaining main drifts
for the repository: north ramp extension, east main
north extension, north main, west main drift, and
south ramp extension, as discussed in the Reposi-
tory Subsurface Layout Configuration Analysis
(CRWMS M&O 1997ab, Section 7.2.1). The max-
imum grade in the east and west main drifts, which
are used for emplacement drift access, will be
2 percent.

The exhaust main will be excavated about 10 m
(32.8 ft) below the emplacement drifts using a
7.62-m (25-ft) diameter tunnel boring machine.
Thus, the exhaust main cannot serve as a conduit to
direct any water flow into the emplacement drifts.
Each emplacement drift will be connected to the
exhaust main by a 2-m (6.6-ft) diameter ventilation
raise.  The subsurface ventilation system is
described in more detail in Section 4.2.4.

The slopes of the main drifts, exhaust main drift,
and emplacement drifts, which serve to move any
water seepage away from the elevated waste pack-
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ages, support the waste containment strategy by
limiting the amount of water that may come in con-
tact with the waste packages, thus extending the
lifetimes of the waste packages

4.2.1.2 Emplacement Drifts and Perfor-
mance Confirmation Drifts (Obser-

vation Drifts)

The waste emplacement block will be at least
200 m (656 ft) below the surface and at least 100 m
(328 ft) above the water table.

Locating the repository host horizon above the
water table in the unsaturated zone promotes long
waste package lifetimes by limiting the amount of
water contacting the waste packages.

The block will cover about 300 hectares
(741 acres) and will accommodate about
10,500 waste packages. The waste packages will
be located along the centerline of the emplacement
drifts. The emplacement drifts will run in an
approximate east-west direction and be excavated
using a 5.5-m (18-ft) tunnel boring machine. The
emplacement drifts will be fully lined, will be
accessible, and will have a maintainable service
life of at least 150 years. An additional area of
107 acres has been identified as a contingency area
if some drifts in the main block are determined to
be unacceptable or if they are needed to accommo-
date higher thermal output packages (see
Section 7.1).

Figure 4-22 shows 105 emplacement drifts spaced
at 28 m (92 ft) center to center. Five of these drifts
will remain empty during waste emplacement
operations. These drifts, which are located so that
they divide the block into areas of similar size, will
serve two purposes.

First, three of the empty drifts will be designated as
cross-block drifts and will facilitate ventilation,
emergency egress, and possibly augment perfor-
mance confirmation monitoring. The cross-block
drifts will be the only paths for cool, fresh air to get
into the exhaust main. These drifts can also func-
tion as emergency egress routes for personnel,
either from the exhaust main into the repository
area or from the repository area to the exhaust

main, if the major routes are blocked. The cross-
block drifts may also be used to monitor the adja-
cent emplacement drifts to support performance
confirmation. However, five drifts will be devel-
oped some 15 m above the emplacement block to
function as performance confirmation drifts, as
discussed in the following paragraphs.

Second, the two remaining empty drifts will func-
tion as standby drifts for relocating waste pack-
ages, if needed. These two drifts will be
constructed to the same standards as the emplace-
ment drifts, but will be used only if needed. If
waste packages must be removed from a loaded
emplacement drift, they will be transferred to the
standby drifts instead of being returned to the sur-
face. Relocated waste packages may remain in the
emplacement standby drifts permanently or until
they are returned to their original locations,
depending on the situation that caused the reloca-
tion.

Figure 4-22 also shows a contingency area that
encompasses 15 additional emplacement drifts.
This contingency area will provide an estimated
15 percent additional emplacement area. The con-
tingency area will be used if unsuitable ground
conditions are encountered within the intended
emplacement areas or if additional space is needed
for waste packages with exceptionally high thermal
loads.

Before waste packages are placed within the
emplacement drifts, the completed drifts will per-
form a number of functions. They will serve as
ventilation airways during construction, will be
used to transfer materials between the east and
west mains, and will support simultaneous con-
struction activities, such as boring ventilation and
final placement of the drift inverts and utilities.

The Subsurface Repository Performance Confir-
mation Facilities analysis (CRWMS M&O
1997ag) recommends that 5 to 10 performance
confirmation drifts be excavated 10-20 m (33—
66 ft) above the emplacement block. The VA
design incorporates five performance confirmation
drifts located 15 m (49 ft) above the emplacement
block. The locations of the five performance con-
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firmation drifts are shown on Figure 4-23 as
follows:

* Performance Confirmation Drift #1 is
directly above Emplacement Drift #3

« Performance Confirmation Drift #2 is
directly above Emplacement Drift #33

« Performance Confirmation Drift #3 is
directly above Emplacement Drift #56

e Performance Confirmation Drift #4 is
directly above Emplacement Drift #30

o Performance Confirmation Drift #5 is
directly above Emplacement Drift #103

The performance confirmation drifts will be exca-
vated using a 5.5-m (18-ft) tunnel boring machine
and will follow the orientation and slope of the
emplacement drifts. Boreholes will be drilled from
the performance confirmation drifts to approach
the rock mass near the emplacement drifts. Instru-
mentation will be installed in the boreholes to
monitor conditions in the host rock. In addition,
instrumentation will be placed directly in the
performance confirmation drifts to monitor air
temperature and relative humidity. A more thor-
ough discussion of performance confirmation
monitoring is provided in Section 4.2.5.3.

4.2.1.3 Ventilation Shafts and Access
Ramps

Two shafts will be required for the subsurface ven-
tilation system. The development ventilation shaft,
located at the south end of the emplacement block,
provides intake air for the development side. The
emplacement ventilation shaft, located at the north
end, will carry exhaust air from the emplacement
operations side to the surface. As discussed in the
Repository Subsurface Layout Configuration Anal-
ysis, both shafts will be excavated by mechanical
means (CRWMS M&O 1997ab, Section 7.2.4) in
multiple phases (Figure 4-24). The Repository
Design Consulting Board recommended the use of
mechanical excavation because the Board believes
that this method would cause the least disturbance
to the rock. After considering and evaluating the

Board's recommendation and noting that similar
methods were being used to excavate the drifts and
ramps, DOE concluded in the Subsurface Con-
struction and Development Analysis that mechani-
cal excavation was indeed the better alternative
(CRWMS M&O 1997af, Section 7.2.10). A raise
borer will first drill a pilot hole and then back-ream
a raise from the repository level to the surface. A
down reamer will enlarge the raise to the full exca-
vated diameter, and a cast-in-place concrete lining
will be installed either concurrently with down
reaming or from the bottom up after down reaming
has been completed. The shafts will have an inside
diameter of 6.1 m (20 ft), and the concrete lining
will be 300 mm (11.8 in.) thick.

Excavation of the shafts will begin after the surface
pads are built and access to the bottom of the shaft
locations is gained. Excavation of the develop-
ment shaft at the south ramp extension connector
will begin only after the 7.62-m (25-ft) tunnel bor-
ing machine passes the first cross-block drift. This
ensures that an alternative supply of fresh air is
available for tunnel boring machine, so that the
roadheader excavating the shaft connector will not
contaminate the air supply to the tunnel boring
machine. Similarly, excavation of the emplace-
ment shaft/exhaust main connector will start after
the 7.62-m (25-ft) tunnel boring machine finishes
all excavation in the north end of the emplacement
block.

The north ramp and the south ramp were excavated
using a 7.62-m (25-ft) tunnel boring machine
during the development of the Exploratory Studies
Facility. These ramps provide access to the reposi-
tory level. The north ramp is used to supply air to
the emplacement side, while the south ramp
provides the exhaust path for the development side.
To accommodate rail transportation into the under-
ground facility, the maximum allowable grade in
the access ramps is 3 percent.

4.2.14 Construction and Operations
Sequencing

Construction and development of the repository
will be accomplished in two phases. The construc-
tion phase encompasses repository construction
work that occurs before the emplacement opera-
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tions begin and includes excavation of access
ramps, main drifts, ventilation shafts, and a panel
of several emplacement drifts and ventilation
raises. The development phase begins with the
installation of the movable isolation air locks after
the first panel of emplacement drifts is finished.
Once the air locks are in place, the emplacement
area and development area is segmented, and
simultaneous emplacement and development oper-
ations can proceed.

The first feature excavated in the repository after
construction is authorized will be the turnout for
the southernmost cross-block drift, which is the
drift just north of the contingency area shown on
Figure 4-22. After the first cross-block drift is
completed, the 5.5-m (18-ft) tunnel boring machine
will be moved to the site of the next cross-block
drift, which is near the middle of the repository.
The first cross-block drift will serve as a target for
aligning the west main drift along the bottom of the
repository host horizon. Therefore, the first cross-
block drift must be completed before the 7.62-m
(25-ft) main drift tunnel boring machine reaches
the curve along the south ramp extension. When
the second cross-block drift has been completed,
the 5.5-m (18-ft) tunnel boring machine will be
moved to the last cross-block drift at the north end
of the repository. The second and third cross-block
drift excavations will confirm the location of the
Solitario Canyon fault along the west edge of the
block. The cross-block drifts will also deliver
fresh air to the 5.5-m (18-ft) tunnel boring machine
as it continues to excavate the mains.

The ramps and mains will be lined with concrete to
ensure long life and low maintenance for the dura-
tion of the subsurface preclosure activities. Instal-
lation of the concrete lining will be scheduled to
avoid interfering with other construction activities
in the mains. After the lining has been installed in
the main drifts, a roadheader will begin excavating
the emplacement drift turnouts. After several of
the turnouts have been excavated, the 5.5-m (18-ft)
tunnel boring machine will begin excavating the
first panel of emplacement drifts at the north end of
the emplacement block. The tunnel boring
machine will start from the turnouts along the east
main drift and excavate across the block into the
turnouts on the west main drift. The 5.5-m (18-ft)

tunnel boring machine will then be partially disas-
sembled and backed out of the lined emplacement
drift to begin excavating the next emplacement
drift off the east main drift.

Emplacing 70,000 MTU requires 107,144 m
(66.6 miles) of emplacement drift space
(104 drifts). A total of 105 drifts (108,003 m or
67 miles) will be excavated. The contingency area
of 15 drifts will be excavated if the need arises.
From the Repository Subsurface Layout Configu-
ration Analysis, the total emplacement drift length
available, including the contingency area, would be
116,957 m (72.7 miles), or 120 drifts (CRWMS
M&O 1997ab, Section 7.1.3.2).

The total excavation requirements for the 5.5-m
(18-ft) diameter tunnel boring machine are:

120 emplacement drifts 116,957 m (72.7 miles)
(includes 3 cross block

drifts and 2 standby drifts)

5 performance confirmation 10,436 m (6.5 miles)
drifts

From the Repository Subsurface Layout Configu-
ration Analysis, the total excavation requirements
for the 7.62-m (25-ft) diameter tunnel boring
machine are as follows:

2,804 m (1.7 miles)
2,850 m (1.8 miles)
2,223 m (1.4 miles)
1,137 m (0.7 mile)
3,486 m (2.2 miles)
5,048 m (3.1 miles)
1,576 m (1.0 mile)
1,491 m (0.9 mile)
2,269 m (1.4 miles)

North Ramp

East Main Drift

South Ramp

North Main Drift

West Main Drift

Exhaust Main Drift

East Main North Extension
North Ramp Extension
South Ramp Extension

(CRWMS M&O 1997ab, Section 7.2.1)

4.2.2

Ground Control System

The information in this section addresses aspects of
the NRC Key Technical Issues of Structural Defor-
mation and Seismicity (NRC 1997a), Evolution of
the Near-Field Environment (NRC 1997b), Repos-
itory Design and Thermal-Mechanical Effects
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(NRC 1997c), and Radionuclide Transport
(Sagar 1997). A description of this key technical
issue is located in Section 4.3.3.6 of Volume 4.
The results of the seismic design working group
have been incorporated into the VA reference
design. DOE is in the process of testing the ground
control system identified in this section, with the
results to be incorporated into the design for the
LA. Section 3.2.1.2 of Volume 4 contains a dis-
cussion of the remaining ground control work to be
accomplished.

The ground control system will consist of the struc-
tures and components installed in the excavated
openings to reinforce the rock surrounding the
opening. This section describes the initial and final
ground control systems for the following reposi-
tory's major subsurface features:

» Access main drifts and exhaust main drift

» Emplacement drifts and performance confir-
mation drifts

* Ventilation shafts and access ramps
e Turnouts, chambers, and alcoves
are described in

These excavated features
Section 4.2.1.

The ground control system design process incorpo-
rated analytical results, observations, and lessons
learned during construction of the Exploratory
Studies Facility. Other issues considered during
ground control system design included the follow-
ing:

* Personnel safety

* Constructibility

* Maintenance

* Geologic mapping
 Performance confirmation testing
* Waste isolation

In addition, stress-controlled modes of failure were
examined for the following:

* Excavation effects (i.e., stress change caused
by excavation)

» Thermal effects (i.e., caused by heat output
from waste packages)

» Seismic effects (i.e., resulting from potential
earthquake events)

The ground control system designs were then
incorporated into computer models for evaluating
performance under in situ, thermal, and seismic
loading conditions.

The initial ground control system will be installed
to provide worker safety until the final systems are
installed. The following three types of support are
appropriate for initial ground control:

« Rockbolts (supplemented with welded wire
fabric and channels)

» Steel sets (supplemented with welded wire
fabric and steel lagging)

« Shotcrete (sprayed concrete that may be
reinforced with welded wire fabric or steel
fibers)

With the exception of the emplacement drifts, the
initial ground control system will consist of rock-
bolts installed in a regular pattern with welded wire
fabric. Shotcrete may be applied at intersections,
depending on the ground conditions and the size of
the roof span. Shotcrete may also be required in
the main drifts to support areas of localized ravel-
ing that have been secured with rockbolts. Installa-
tion of steel sets will be required in some areas,
especially for tunnel boring machine excavations,
to address difficult geologic conditions (e.g., soft
or fragmented ground), as were sometimes encoun-
tered during the excavation of the Exploratory
Studies Facility.

4.2.2.1 Main Drifts and Exhaust Main

The conveyor system, temporary ventilation ducts,
and utilities will be removed after each main drift
is excavated. The initial ground control system
will be installed as excavation advances to support
initial tunnel excavation and mitigate potential
rockfall. Forms will be erected inside the initial
supports, and concrete will be pumped behind the
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forms to form the final drift lining. A rail mixer
car will transport the concrete from a surface batch
plant to the main drifts. Before the concrete fully
sets, temporary steel support fixtures will be
removed from drift locations scheduled for future
excavation. Final ground control for the main
drifts and the exhaust main, described in
Section 4.2.1.1, will consist of precast concrete
inverts and 300-mm (11.8-in.) thick cast-in-place
concrete linings.

4.2.2.2 Emplacement Drifts and Perfor-
mance Confirmation Drifts

The Mined Geologic Disposal System Advanced
Conceptual Design Report (CRWMS M&O
1996b) recommended that rockbolts and reinforced
shotcrete be used for the sides and crowns (roof) of
the emplacement drifts, and that the drift invert be
covered with a layer of crushed tuff. With the Drift
Ground Support Design Guide, this concept has
since changed to meet performance confirmation
requirements that call for emplacement drifts to be
accessible and maintainable for a service life of at
least 150 years (CRWMS M&O 1997h,
Section 4.2.2). This requirement was imposed so
that the emplacement drifts could be periodically
remotely inspected to monitor the performance of
the waste packages and associated structures,
including ground control systems.

The high temperatures and high radiation levels
that will exist within the emplacement drifts pose
many uncertainties regarding monitoring and
maintenance. To address these uncertainties,
DOE, in consultation with the Repository Design
Consulting Board, decided to design a full lining
system, which includes concrete or steel inverts.
This system would be suitable for all ground condi-
tions and construction procedures and would meet
the expected requirements for waste placement and
retrieval, including low maintenance.

The following three types of final ground control
systems were selected for the VA design: precast
concrete segmental lining, cast-in-place concrete
lining, and steel sets with steel lagging. These con-
cepts, which are described in the following para-
graphs, were developed on the basis that a full
lining-type ground control system would be neces-

sary to achieve the 150-year service life with mini-
mal or no routine maintenance:

* Precast Concrete Segmental Lining. A
precast concrete segmental lining, illustrated
in Figure 4-25, will consist of individual
portions of the final lining ring prefabricated
above ground, transported into the drift, and
erected during drift excavation. The
segments will be manufactured so that they
can be assembled into an approximate full
ring inside the tunnel boring machine tail
shield and then moved outside the shield and
expanded to form the full ring as the shield
advances. Once a series of rings are in place
against the rock, the gaps between the lining
and the rock and within the rock itself
(fissures, joints, etc.) will be filled with
grout, completing that section of the lining.
A precast lining can be installed rapidly and
can be fabricated under controlled conditions
to enhance quality and composition.

Cast-In-Place Concrete Lining. This type
of lining, illustrated in Figure 4-26, will be
constructed by placing concrete into forms
that will be either built in place or moved
into place after the tunnel boring machine
has been removed, unless the drift diameter
is large enough to allow the removal of
excavated material to proceed simulta-
neously with concrete work. Initial support
of the drift crown (and sometimes the sides)
will probably be required from the time that
a section of the drift is excavated until the
concrete lining is placed and set. The initial
support will typically be encased in the
concrete. Grouting will be performed where
necessary to fill voids at the concrete-rock
interface. This lining option requires that
initial support, such as rockbolts and wire
mesh, be installed. Although a cast-in-place
concrete lining will be a viable option for the
cross-block drifts and performance confir-
mation drifts, this option has been deter-
mined by the Repository Ground Support
Analysis for Viability Assessment to be
unsuitable for the emplacement drifts
(CRWMS M&O 1997y, Section 8.0).
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« Steel Sets Lining System. Steel sets, illus-
trated in Figure 4-27, are curved steel beams
that approximate the curvature of the
excavated drift. They will be assembled
under the tunnel shield, moved into place as
the tunnel boring machine advances, and
expanded against the rock. The steel sets
can be full rings installed simultaneously
with either steel inverts or precast invert
segments, or, an invert can be cast in place
after installation of the sets. The steel sets
may also be partial rings, which will be
installed after cast-in-place or precast inverts
will be placed. With the full- and partial-
ring options, steel sets and lagging (steel
plates that fit between the sets to keep rocks
from falling into the excavated drift) can be
installed in a single operation, or the steel
sets can be installed as an initial step and the
lagging installed in a later step to allow
geologic mapping.

The following two major issues prompted the VA
subsurface design to carry multiple options:

» The strategy for geologic mapping of the
emplacement drifts

» The potential impact of the widespread use
of cement materials in the emplacement
environment on long-term performance

As discussed in the Repository Ground Support
Analysis for Viability Assessment, the VA refer-
ence design incorporates precast concrete lining in
90 percent of the emplacement drifts, and steel sets
and steel lagging in the remaining 10 percent. The
precast concrete segmental lining will be installed
in one pass in all of the emplacement drifts lined
with precast concrete. In the remaining 10 percent
of the emplacement drifts, the steel set lining sys-
tem will be installed in two passes to allow geo-
logic mapping of the emplacement drifts (CRWMS
M&O 1998k, Section 4.3.12). This method is
based on the assumption that the performance
assessment analysis will conclude that the use of
concrete is acceptable. However, if the analysis
determines that the use of concrete is not accept-
able, steel set lining systems can be installed in all

of the emplacement drifts (see Volume 3

Section 3.3.2.2).

No waste packages will be placed in the cross-
block drifts (Section 4.2.1.2). The cross-block
drifts will be used for geologic mapping. The VA
reference design calls for cast-in-place concrete to
be installed as the final ground control system after
the completion of the mapping activities.

The two standby drifts (Section 4.2.1.2) will also
be used for geologic mapping. Since these drifts
may be used for waste emplacement, they will be
lined to the same standards as the emplacement
drifts. A steel lining system will be installed as the
final ground control system in these two drifts.

The performance confirmation drifts
(Section 4.2.1.2) will not be used for waste
emplacement; therefore, they will not receive the
same final ground control system as the emplace-
ment drifts. An initial ground control system con-
sisting of rockbolts with welded wire fabric will be
installed in the performance confirmation drifts. A
final ground control system has not yet been
selected.
4.2.2.3 Ventilation Shafts and Access
Ramps

The emplacement-side ventilation shaft will be
located at the north end of the waste emplacement
block, and the development-side ventilation shaft
will be located at the south end of the emplacement
block (Section 4.2.1.3). Both shafts will be 6.7 m
(22 ft) in diameter. A 300-mm (11.8-in.) thick
cast-in-place concrete lining will be installed in
each shaft for final ground control.

Each of the ventilation raises between the emplace-
ment drifts and the exhaust main will be 2m
(6.6 ft) in diameter and lined with 150-mm
(5.9-in.) thick cast-in-place concrete to provide
final ground control.

The access ramps completed during construction of
the Exploratory Studies Facility tunnel provide
access to the portion of the tunnel that was exca-
vated in the repository host horizon. As discussed
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in the Repository Ground Support Analysis for
Viability Assessment, the access ramps are
supported mainly by rockbolts (3 m [9.8 ft] long)
and welded wire fabric (75 by 75 mm [3 by 3 in.]
wire mesh) (CRWMS M&O 1998k, Section
7.7.1.1). A 300-mm (11.8-in.) cast-in-place
concrete lining will be installed as the final ground
control system in the access ramps.

4.2.24 Emplacement Drift Turnouts,
Launch/Recovery Chambers,
Decontamination Chambers, and
Alcoves

The emplacement drift turnouts, tunnel boring
machine launch/recovery chambers, decontamina-
tion chambers, and the various alcoves required to
support repository construction are described in
Section 4.2.1. The turnouts will be constructed at
each end of the emplacement drifts to provide
space for launching or recovering the 5.5-m (18-ft)
tunnel boring machine. All turnouts will be lined
with cast-in-place concrete. The launch and recov-
ery chambers will be excavated by a roadheader to
provide areas for launching and recovering the
7.62-m (25-ft) diameter tunnel boring machine.
Cast-in-place concrete linings will be installed in
the chambers to provide final ground control.
Cast-in-place concrete linings will also be installed
in the equipment and personnel decontamination
chambers and alcoves for final ground control.
4.2.2.5 Emplacement Drift Inverts

As described in Section 4.2.1, a final concrete
invert will be installed in each emplacement drift.
Where the invert structure forms part of the ground
control system, it will support the rock load
induced by drift excavation and the expansion of
the wall and crown support elements. As part of
the ground control system, the invert structure will
also carry the thermal loads induced by gradual
warming from decaying waste inside the waste
packages and by rapid cooling (blast cooling) in
the event of waste package retrieval or emplace-
ment drift repair.

As with other components of the ground control
system, stress-controlled modes of failure were

examined for excavation and thermal effects. The
invert design will be incorporated into the com-
puter models to assess their performance under in
situ, thermal, and seismic loading. The computer
model will induce seismic loads from the design
earthquake on the invert, both before and after
waste placement and before and after heating and
cooling.

Two types of emplacement drift invert structures
were considered for VA design. Concrete and steel
were both considered because of potential perfor-
mance assessment concerns stemming from exten-
sive use of concrete, which may, over long periods -
of time, change the pH of water in the emplace-
ment drifts. These materials can be maintained for
a service life of 150 years and can be repaired or
possibly replaced if necessary. Figure 4-28, shows
the concrete invert, and Figure 4-29, shows the
steel invert.

During excavation of the emplacement drift, the
invert structure will be installed behind the tunnel
boring machine head and will support the tunnel
boring machine construction rail. The invert must
accommodate loads from the tunnel boring
machine trailing gear, and rail traffic, for muck
removal and material handling. After the emplace-
ment drift has been excavated, the tunnel boring
machine will be partially disassembled and backed
out of the drift.

The emplacement drift concrete invert will form
the support structure for the waste package support
system. If steel inverts are installed, the waste
package support assembly will be placed directly
on the drift invert. Numerous materials are being
tested for structural strength and long-term durabil-
ity under the expected conditions of the repository
for both the invert sections and the ground support.

In addition to being part of the engineered barrier
system, the emplacement drift invert also provides
support for the following:

¢ Ground support structures

» Construction access rail

« Tunnel boring machine removal by rail

4-56
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* Waste package handling during emplace-
ment and retrieval

* Waste package handling during retrieval
under off-normal conditions
4.2.3 Waste Transport and Emplacement
System

This section describes the mobile and stationary
equipment that will be used to transport the waste
packages to the subsurface and place them in the
emplacement drifts. The objective of the waste
transport and emplacement system design is the
safe transport of waste packages to and within the
repository subsurface and placement of these con-
tainers in the emplacement drifts. The waste trans-
port and emplacement system consists of the rail
transport system and the emplacement system.
Each of these two components is designed to per-
form specific functions.

The rail transport system will perform the follow-
ing:

* Receive waste packages from the waste
handling building

 Safely transport waste packages to the
underground emplacement drifts

* Provide shielding for workers who must
perform duties around the waste package
transporter

* Deliver waste packages to the emplacement
drift transfer dock

* Transport the emplacement gantry from the
gantry  storage to the underground
emplacement drifts, from drift to drift, and
back to storage

The emplacement system will perform the follow-
ing:

» Receive waste packages from the rail
transport system at the emplacement drift
transfer dock

* Transport waste within the

emplacement drifts

packages

* Place waste packages on support assemblies
on the emplacement drift invert

Each of the two system components is made up of
subsystems that are designed to execute specific
tasks.

The rail transport subsystems are the rail system,
locomotives, waste package transporter, reusable
rail car, and overhead power system. The func-
tions of each subsystem are described in the fol-
lowing list:

* The rail system will provide the access route
and vehicle guidance from the surface facil-
ities to the emplacement drifts. The rail
system will also provide the electrical
ground for the direct-current overhead power
system in the main tunnels while the gantry
rail system will serve as the electrical ground
for the direct-current third-rail power system
in the emplacement drifts.

Locomotives will provide the means to move
the waste package transporter or gantry
carrier on the rail system. Locomotives will
be equipped for both manual and remote
controls. While a waste package is being
transported to the transfer dock, the locomo-
tives will be manually operated. During
waste package loading and unloading, the
locomotive operation will be remotely
controlled to minimize worker exposure to
radiation.

The waste package transporter will provide
the means to transport the waste packages
underground and deliver them to the
emplacement system. The waste package
transporter is designed with shielding to
provide radiological protection for workers
and will be equipped with a rigid chain
system for loading, unloading, and securing
the reusable rail car during transport.

* The reusable rail car will provide a movable
base for supporting and containing the waste
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package during transportation to the
emplacement drift and serve as an interface
between the waste handling building and
emplacement system. The reusable rail car
will travel to and from the emplacement drift
inside the waste package transporter. The
reusable rail car, in this application, is
considered reusable compared to a previous
concept of leaving the rail car in the
emplacement drift as permanent support for
the waste package.

» The overhead power system will provide
direct-current power to the locomotives
through an overhead pantograph system.

The primary emplacement subsystems will be the
emplacement gantry rail system, emplacement
gantry, gantry carrier, emplacement drift transfer
dock and isolation doors, and shadow shield. The
function of each subsystem is described in the fol-
lowing list:

« The emplacement gantry rail system will
support and guide the emplacement gantry in
the emplacement drift and serve as the
electrical ground for the direct-current third-
rail power system. The gantry rail will be
equipped with waste package transporter
unloader system guides that extend the reach
of the reusable rail car unloader into the
emplacement drift.

» The emplacement gantry will lift, transport,
and place waste packages in the
emplacement drifts.

» The gantry carrier will transport the
emplacement gantry to and from the
emplacement drifts. The gantry carrier will
be similar to a railroad flat car equipped with
rails for supporting the emplacement gantry.

e The emplacement drift transfer dock will
provide an elevated platform or dock with
rails and unloader guides that line up with
the respective rails and guide in both the
waste package transporter and the gantry
carrier. The isolation doors at the transfer
dock will separate the emplacement drift

from the turnout area to restrict entry, control
ventilation, and provide limited radiation
protection.

 The shadow shield will provide radiation
protection to permit personnel access in the
main drift and turnout areas.
4.2.3.1 Transport System
The waste package transport equipment described
in this section is based on Preliminary Waste

Package Transport and Emplacement Equipment
Design (CRWMS M&O 1997u).

Rail System. The rail system that will transport
the waste packages from the waste handling build-
ing to the emplacement drifts will be a standard
gauge rail (1.44-m [56.69-in.] gauge) with
115 Ib/yard American Railroad Engineering Asso-
ciation rail. The rail system will begin with a wye
configuration at the waste handling building allow-
ing the primary locomotive to push the waste pack-
age transporter into the Waste Handling Building,
where the waste package will be loaded into the
transporter. The wye will also allow the primary
locomotive to push the waste package transporter
toward the north portal, where the secondary loco-
motive will be coupled. The two-locomotive con-
figuration will then travel down the nominal minus
2.2 percent rail grade and the 305-m (1,000-ft)
radius curves in the north ramp.

The rail configuration in the east main drift will
include a nominal 1.4 percent grade and no curva-
ture. The rail configuration at the emplacement
drifts will be a remotely operated No. 4 rail turnout
to a 20-m (65.6-ft) curve that ends at the emplace-
ment drift transfer dock. Figure 4-30 illustrates the
rail system configuration.

Locomotives. The locomotives are designed to
move the radiologically shielded waste package
transporter (which will contain the waste package
mounted on the reusable rail car) from the Waste
Handling Building, through the north portal, down
the north ramp, and to the emplacement drifts. The
arrangement of one of the locomotives is shown in
Figure 4-31.
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The waste package transporter will be moved to the
emplacement drift using the following locomotive
configurations:

e The primary locomotive will move the
loaded waste package transporter out of the
waste handling building to the north portal,
where the secondary locomotive will be
coupled to the unit.

Two locomotives (both the primary and the
secondary) will move the loaded waste
package transporter down the north ramp.

The primary locomotive will move the
loaded waste package transporter from the
main drift to the emplacement drift transfer
dock, after the secondary locomotive has
been uncoupled.

When placement operations in an emplacement
drift cease, the gantry carrier will be coupled to the
primary locomotive, which will transport the
emplacement gantry to the next emplacement drift.

An overhead pantograph will be mounted on each
locomotive to receive 600-volt direct-current, sin-
gle-conductor power from an overhead electrical
power system. The tractive power system will
consist of 600-volt direct-current motors, transmis-
sions, and wheel sets with axles, bearings, and load
springs. This system will provide the horsepower
necessary to move the load and will provide the
reserve power needed for adequate acceleration.

The locomotives typically will be manually con-
trolled. There may be conditions that prevent the
use of on-board operators, in which case remote
controls will be used. The remotely controlled
functions of the primary locomotive connected to
the waste package transporter will include control
of the waste package transporter and its power,
loading and unloading of the waste packages from
the waste package-transporter, and operation of the
isolation doors.

Of all transport operations, placing the waste pack-
age transporter at the emplacement drift transfer
dock will require the largest-capacity locomotive,

which provides the basis for locomotive design. A
45-ton-capacity locomotive has been designed for
single-locomotive docking. The operation where
the 45-ton-capacity locomotive will be most
needed will be the movement of the waste package
transporter around the 20-m- (65.6-ft) radius turn-
out. A specially designed locomotive has been
selected to perform this duty. This locomotive has
30-in. diameter wheels on 100-in. centers and can
negotiate the 20-m (65.6-ft) curve in the turnout. A
standard locomotive will be modified with larger
motors, additional weight, and an increased width
to accommodate the 1.44-m (56.69-in.) rail gauge
used in the repository.

Waste Package Transporter. The waste package
transporter will move the waste packages (mounted
on the reusable rail car) from the waste handling
building to the emplacement drifts. A basic equip-
ment outline and pertinent features of the waste
package transporter are shown in Figures 4-32 and
4-33. As discussed in Evaluation of Waste Pack-
age Transport and Emplacement Equipment, the
design incorporates the flexibility necessary to
accommodate waste packages of varying sizes and
weights up to and including a waste package that
will be 2 m (6.5 ft) in diameter, 5.85 m (19.19 ft)
long, and will weigh 69,000 kg (151,800 1b or
approximately 76 tons) (CRWMS M&O 19971,
Section 7.2). During transport, the waste package
transporter will perform the following functions:

¢ Shield workers from radiation

* Provide a safe, stable platform for trans-
porting the waste package mounted on the
reusable rail car

» Provide structural integrity for supporting
the load, coupling to the locomotives, and
braking systems for stopping and speed
control

* Line up the reusable rail car rails accurately
with the emplacement drift rails so that the
reusable rail car can travel into the drift

» Provide a solid connection and restraint at
the drift docking point
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* Provide an integrated loading and unloading
system for the reusable rail car that will
transfer the waste package from the trans-
porter to the emplacement drift

* Provide mechanisms for remotely opening
and closing the waste package transporter
doors

¢ Providle manual connections to the
locomotive for power, systems control, and
brakes

The waste package transporter will be composed of
several component systems including the shield-
ing, underframe, undercarriage, couplers, brake
system, automatic doors, reusable rail car restraint,
reusable rail car unloading system, wiring, inter-
locks, and instrumentation. Future work as noted
in Volume 4, Section 3.2.1.4 will include the waste
transport system and emplacement gantry that will
identify other potential waste package sizes and
weights. At the time the analyses were performed,
the weight of the heaviest waste package was
approximately 76 tons. Subsequent to performing
the analyses discussed in the VA reference design,
the weight of the heaviest package has been deter-
mined to be on the order of 91 tons (for naval spent
nuclear fuel). Reanalyses using the higher weight
will be completed before any license application is
submitted.

Shielding. Shielding is designed to reduce the
radiation from the waste package inside the trans-
porter to a level of less than 50 mrem/hr at the out-
side surface of the transporter, which, as discussed
in MGDS Subsurface Radiation Shielding Analy-
sis, is compatible with the operation requirements
within the main drifts (CRWMS M&O 1997n).
The shielding is a composite of stainless steel, car-
bon steel, and a borated polyethylene material with
a total thickness of 264 mm (11 in.). The radiation
shielding will be designed to protect workers from
gamma and neutron radiation, and will consist of
the following materials at the densities and thick-
nesses specified in Table 4-2.

Table 4-2. Radiation Shielding Material Densities
and Thicknesses

Material
Thickness

mm (in.)

Material Density

Material kg/m? (Ib/f1?)

101.6 (4)
one layer
*76.2 (3)
one layer

Borated
polyethylene
(1.5 percent
boron)

920.0 (57.4)

7,832.0 (488.9) 152.4 (6)
one layer
*177.8 (7)
one layer
Stainless 7,949.7 (496.2) 5 (0.2)

steel two layers

Carbon steel

*The shielding dimensions and materials for the waste
package transporter are 5 mm (0.2 in) SS316L +
152.4 mm (6 in.) carbon steel + 101.6 mm (4 in.} borated
(1.5 percent boron) polyethylene + 5 mm (0.2 in.) SS316L
in the radial direction; and 5 mm (0.2 in.) SS316L +
177.8 mm (7 in.) carbon steel + 76.2 mm (3 in.) borated
polyethylene + 5 mm (0.2 in.) SS316L in the axial direction.
The axial shielding dimensions are derived from the radial
shielding thickness by increasing the carbon steel thick-
ness by 25.4 mm (1 in.) to account for the increased
gamma radiation field from the fuel assembly end fitting
sources, and by decreasing the reduced neutron field on
the ends.

The carbon steel shield, which will face the inside
of the waste package transporter, will provide
gamma shielding and serve as the shielding support
structure. The 1.5 percent borated polyethylene
neutron shielding material will be attached to the
outside surface of the carbon steel. The 1.5 percent
borated polyethylene will be covered on the out-
side with stainless steel. The shield is designed as
a rigid box with doors. The box will not only be
self-supporting, but will also serve as a structural
component of the underframe. The carbon steel
inner shield material will be fabricated and
machined into door hinges and other features as
required.

Underframe. The underframe structure below the
floor will connect the waste package transporter
shield and couplers to the rail trucks. The under-
frame will also support the auxiliary equipment
including the door operator, air brakes, reusable
rail car unloader, and miscellaneous electrical
equipment, controls, wiring, and instrumentation.
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The underframe will be fabricated of structural
steel sections and plates with both welded and
bolted connections. There will be two sections of
the underframes, one front and one rear, which will
be connected to and integrated with each other by
the underside of the shielding floor. The front
underframe will include the front coupler, front
bolster plate, and an equipment platform for the
reusable rail car unloader. The rear underframe
section will include the rear coupler, truck bolster
plate, and the door operator drive.

Undercarriage. The undercarriage will be com-
posed of rail trucks that support the underframe of
the waste package transporter. The rail trucks will
be a standard rail car configuration adapted to this
specific application. The trucks will include
wheels, axles, bearings, brakes, and springs, which
will be incorporated into the truck frame, and the
bolster, which will transmit the load from the truck
to the bolster plate of the underframe. The truck
bolster will include a bolster pin, which will center
the truck in a corresponding hole in the bolster
plate and allow the trucks to pivot and the waste
package transporter to negotiate curved track.
Truck capacity is based on the maximum operating
load, which is the maximum operating weight dis-
tributed over the eight wheels of the two trucks.
The maximum design operating weight determines
the design of the wheel and rail combination.
Wheels will have a 30-in. diameter, and
115 tb/yard rail will be used. The maximum oper-
ating weight is 233.15 metric tons (256.47 tons),
and the design wheel load is 44,961 kg (98,914 1b).
The wheels and rail will be similar to those used in
the bridge crane service; the wheels will be
heat-treated to achieve a Brinell hardness number
of 615 and the rails a Brinell hardness number of
320.

Couplers. The waste package transporter will be
equipped with two couplers, which are common in
rail equipment used for underground mining and
tunneling. This coupler configuration will allow
operation of the primary locomotive at the front of
the waste package transporter and the secondary
locomotive at the rear during transport from the
surface to the emplacement drift.

Brake System. An interconnected, fail-safe air
brake system on the waste package transporter will
operate in conjunction with the primary locomo-
tive, similar to standard rail industry practice. The
system will use spring-set air-release brakes and
includes the waste package transporter brake shoes
and air cylinders, as well as the operating linkage
installed on the rail trucks. The air reservoir, pip-
ing, and other miscellaneous equipment will be
located on the underframe. The air brakes will be
connected to the primary locomotive with
rail-industry-standard manual connections. The
waste package transporter brake system will pro-
vide a redundant stopping system that will be sepa-
rate from the locomotive braking system.

Automatic Doors. The waste package trans-
porter's automatic doors will be controlled from the
primary locomotive by a removable connector
between the locomotive and waste package trans-
porter. An operator will be assigned to each door.
Working in unison, the operators will open and
close the shielded doors for loading the reusable
rail car at the waste handling building and
unloading at the emplacement drift. The doors will
rotate in lubricated sleeve bearings on the door
hinges, allowing the doors to swing 270 degrees to
the side of the waste package transporter. The door
hinges will include a thrust bearing to support the
vertical load. The doors will be rotated in either
direction for opening or closing by a hinge pin that
extends through the shield floor and connects to a
low-speed motor gear reducer through a spline
joint. The motor gear reducer will be a right-angle
helical-worm unit flange-mounted to the underside
of the shield floor. The doors will be equipped
with a locking device to secure the closed doors
against the body of the waste package transporter,
maintaining the radiation seal and preventing acci-
dental opening during transport. The locking
device will be operated remotely and interlocked
with the manual door operation.

Reusable Rail Car Unloading System. The reus-
able rail car and waste packages will be unloaded
from the waste package transporter to the emplace-
ment drift using the reusable rail car unloader
system. The loading and unloading mechanism
incorporates a “rigid chain” design; the chain coils
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like a conventional chain, but assumes the charac-
teristics of a rigid bar when it uncoils and is
subjected to a force along its uncoiled length. This
feature will allow the chain to be stored in the
coiled state, thereby providing the 12 m (39 ft) of
travel required to push the reusable rail car into the
emplacement drift.

The unloading system will use two separate rigid
chains. The design allows all chain to be stored in
magazines inside the waste package transporter on
each side of the waste package. The drives will be
located outside the shielding on an equipment plat-
form to allow for service and repair. The two
drives will be connected to a common gearmotor
for synchronous operation. Each of the rigid
chains will be drawn from the respective magazine
through a penetration in the shielding to the drive
and then driven back through another penetration
in the shielding. Inside the shielding, the rigid
chain will run through a guide installed on the
floor. At the end of the guide, the chain will be
connected to a “pusher bar” that will engage the
rail car and move it through the open automatic
doors and into the emplacement drift. Proper
alignment of the tracks and the two rigid chain
guides between the waste package transporter and
the emplacement dock will be critical for proper
operation of the reusable rail car.

Reusable Rail Car Restraint. The reusable rail
car will be attached to the loading and unloading
mechanism. This mechanism will position the
reusable rail car on the rails both inside the waste
package transporter and inside the emplacement
drift. A restraint will secure the waste packages
and reusable rail car when the waste package trans-
porter is in the transit mode. The reusable rail car
unloader engagement hook will prevent the reus-
able rail car from traveling along on the rails when
the reusable rail car is in the unloading position
(see Figure 4-34).

Wiring, Interlocks, and Instrumentation. The
waste package transporter will be prewired for
power and control. The wiring will be contained in
rigid conduit to be located outside the waste pack-
age transporter shielding. Installing the conduit
outside the shielding will simplify maintenance

and repair. The wiring, required for interconnec-
tion to the primary locomotive, will be routed in
separate cable bundles for power and control to
separate terminal blocks in a common enclosure.
The cables between the waste package transporter
and locomotive will be connected with quick con-

- nect and disconnect connections. The control elec-

tronics will be installed inside an enclosure, which
will be easily accessible for connecting the loco-
motive cables to the transporter cables. The waste
package transporter will be equipped with inter-
locking devices for safety and proper operation.
Instrumentation installed on the waste package
transporter will monitor internal environmental
conditions and relay the data back to the primary
locomotive. The following waste package trans-
porter electrical systems will be connected to the
primary locomotive:

* Door system power, control, and status

* Unloader system power, control, and status

* Reusable rail car unloader connection power,
control, and status

* Transfer and loading dock alignment status

* Closed-circuit television monitor power and
controls

¢ Environmental data

connections

(e.g., temperature)

* Lighting

Reusable Rail Car. The reusable rail car will sup-
port and move the waste package into the waste
package transporter, support and secure the waste
package inside the waste package transporter, and
transfer the waste package from the waste package
transporter to the emplacement drift.

The reusable rail car, as depicted in Figures 4-35
and 4-34, has been designed to accommodate vari-
ous sizes of waste packages. The physical sizes
and weights of the waste packages to be carried by
the reusable rail car are described in Section 5.1 of
this volume. The design of the reusable rail car is
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based on a waste package with maximum dimen-
sions (2 m [6.5 ft] in diameter by 5.85 m [19.19 ft]
long) and a maximum weight of 69,000 kg
(151,800 1b or 75.9 tons). The reusable rail car
normally will be attached to the waste package
transporter by the loader and unloader system.
However, it may be detached from the waste pack-
age transporter as necessary for loading waste
packages in the Waste Handling Building or for
maintenance. The reusable rail car will be
equipped with a towing eye on both ends for con-
necting other moving equipment when the rail car
is detached from the loader and/or unloader.

The rail car will be fabricated from ASTM A36
structural steel plate welded in accordance with
American Welding Society welding standard D1.1.
The V-shaped waste package support, or cradle,
will be supported on a boxed structural section
with provisions for attaching four-axle assem-
blies. The length of the cradle will accommodate
the longest waste package (5,850 mm [234 in.]).
Shorter waste packages will be centered lengthwise
between removable spacers placed at each end of
the cradle. This procedure will not only prevent
longitudinal shifting of the waste package while in
transit, but also ensure that the wheels will be
loaded equally and the waste package will be posi-
tioned for engagement by the emplacement gantry
lifting heads in the emplacement drift. When
required, the spacers will be installed at the Waste
Handling Building with the waste package. The
spacers will be equipped with locating tabs that fit
into corresponding slots in the cradle, thereby posi-
tioning the spacers against each end plate on the
reusable rail car.

The rail car and waste package will be supported
on four equally spaced wheel and axle assemblies.
Each assembly will include an axle with supporting
brackets for attaching the axle to the underframe.
Wheels with integral bearings will be attached to
each end of the axle. The assembly will be a com-
mercial grade product used in heavy-duty and
severe applications, such as foundries, mills, and
mines. The unit selected for this application uses
12-in. diameter, single-flange rail wheels with a
rated capacity of 15 tons. The reusable rail car wilt
travel on 90 Ib/yard American Society of Civil

Engineers-designation rail in the waste package
transporter and in the emplacement drift transfer
dock.
4.2.3.2 Waste Emplacement System

The waste emplacement equipment described in
this section is based on Preliminary Waste Pack-

age Transport and Emplacement Equipment
Design (CRWMS M&O 1997u).

Emplacement Gantry Rail System. Two sepa-
rate rail systems will be located within the
emplacement drift. The outer rail system will be a
2.85-m (112.2-in.) gauge rail designed for the
emplacement gantry. The inner rail system will be
designed for the reusable rail car as it is pushed
into the emplacement drift. This 1.44-m
(56.69-in.) gauge emplacement drift rail system
will be compatible with the reusable rail car rail
gauge inside the waste package transporter.

Both the emplacement gantry rail and the emplace-
ment drift rail will use 90 lb/yard American Soci-
ety of Civil Engineers rail. The 90 Ib/yard rail will
have a Brinell hardness number of 320 and will be
able to accommodate both the 1.44-m (56.69-in.)
gauge application for the reusable rail car and the
2.85-m (112.2-in.) gauge application for the
emplacement gantry. Neither the emplacement
drift rail nor the gantry rail will have curves.

Emplacement Gantry. The emplacement gantry
will receive waste packages from the reusable rail
car and position them in the emplacement drift.
The emplacement gantry, shown in Figures 4-36,
4-37 and 4-38, will be a self-propelled, remotely
operated vehicle. The emplacement gantry will
perform the following functions:

* Accurately position itself over the waste
package on the reusable rail car to ensure
engagement of the waste package skirts by
the emplacement gantry lifting heads

» Lift the waste package from the reusable rail
car and over the reusable rail car end plate
and the concrete shadow shield
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» Smoothly transport the waste package to the
designated placement position

* Accurately position the waste package over
the support assembly

* Lower the waste package onto the support
assembly and disengage the lifting heads

* Return to the emplacement drift entry to
receive the next waste package

The emplacement gantry is designed to operate in a
5.5-m (18-ft) diameter drift with 200 mm (7.9 in.)
of radial allowance for ground support and 100 mm
(3.9 in.) of radial clearance for variations in drift
diameter.

The emplacement gantry will comprise several
component systems including the gantry frame,
traversing system, hoisting frame with adjustment
capability to accommodate various waste package
lengths, and lifting head trolley. Several other sys-
tems will also be required to operate and control
the emplacement gantry. These systems will
include closed-circuit television monitoring, brak-
ing, and systems to support the load while the
emplacement gantry is traversing the drift. All
operating components of the emplacement gantry
will be electrically operated from an emplacement
gantry power distribution system that will receive
primary direct-current power from a third rail in
the emplacement drift.

The emplacement gantry is designed to support its
own weight, the weight of the waste package, and
the loads imposed during the design seismic event.
The structure will provide the bearing and drive
support for the four ball-screw mechanisms that lift
the waste packages and the base support for the
bogies that allow the emplacement gantry to
traverse the emplacement drift. The emplacement
gantry structural members will be ASTM A36 steel
fabricated in accordance with American Welding
Society standards. ASTM A36 steel materials were
selected over higher strength steels because they
are durable, ductile, and resist fatigue better than
the higher strength steels.

The height that a 2-m (6.5-ft) diameter waste pack-
age must be lifted during emplacement was a criti-
cal factor in determining the overall height of the
emplacement gantry frame, as well as in verifying
the adequacy of the 5.5-m (18-ft) drift diameter.
The following two factors were evaluated to deter-
mine the lifting height:

* The first factor was the capability of the
hoisting frame to lift the 2-m (6.5-ft) waste
package high enough to clear the reusable
rail car. A 150-mm (6-in.) clearance
between the waste package and the reusable
rail car structure has been incorporated into
the emplacement gantry design.

The second controlling factor was the
capability of the hoisting frame to lift the
waste package high enough to clear the
concrete shadow shield. The concrete
shadow shield will be 75 mm (3 in.) above
the top of a 2-m (6.5-ft) waste package that
will be placed on a support assembly.
Therefore, a 75-mm (3-in.) clearance
between the shield and waste package has
been incorporated in the emplacement gantry
design.

The height of the lift over the concrete shadow
shield was the determining condition for designing
the emplacement gantry lifting height. The
emplacement gantry design incorporates a 2.2-m
(7.3-ft) lifting height, which will provide 75 mm
(3 in.) of clearance between the waste package and
shadow shield. Notches on the sides of the shadow
shield will provide clearance for the tow lugs. The
minimum side clearance will be approximately
60 mm (2.4 in.).

The emplacement gantry will be a self-propelled
unit using four, two-wheel bogies (one bogie at

each corner). One wheel in each bogie will be
driven by a 5-hp, direct current, variable-speed
electric motor using a right-angle gear reducer and
roller chain assembly. Of the alternative propul-
sion systems evaluated, this system will provide
the greatest clearances between the drift wall and
the drive mechanism. The gear motor will have an
output speed of 35 rotations/minute. At this wheel
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speed, the emplacement gantry will be able to
travel at speeds of up to 144 ft/minute; however,
the travel speed will be controlled so it does not
exceed 140 ft/minute. Emplacement gantry accel-
eration will be controlled by varying the motor
voltage; a brake mounted in the motor will control
speed and deceleration. A redundant restraining
system will be provided to ensure that the emplace-
ment gantry can be held in position over the waste
package during lifting and placing operations, and
that it remains immobilized while being trans-
ported on the gantry carrier. The use of four
motors complies with American Society of
Mechanical Engineers NOG-1, which requires that
each four-wheel unit use a drive arrangement that
provides power to at least 50 percent of the wheels.
The bogie wheels will be 400 mm (15.7 in.) in
diameter and have a load capacity of 19.8 metric
tons (21.8 tons). Because there will be eight
wheels per emplacement gantry, the total load
capacity of 158.4 metric tons (174.6 tons) will be
sufficient to support the weight of both the waste
package and the emplacement gantry structure.

The hoisting frame, which will directly support the
waste package when it is lifted by the emplacement
gantry, will be designed so that a waste package
can be placed horizontally in the emplacement drift
with a minimum spacing of 920 mm (36.22 in.)
between adjacent waste packages. The hoisting
frame design incorporates the capability to adjust
to varying waste package lengths. This will be
accomplished with ball screws located on the
outside of the longitudinal support beams. These
ball screws will position the lifting head trolleys at
each end of the hoisting frame to accommodate the
various waste package lengths. The ball screws
will be sized to withstand the acceleration load of
the design seismic event and will be powered by
one-third-horsepower gear motors that have an
output speed of 188 rotations/minute. The speed of
the lifting head trolleys will be up to 4.77 m/minute
(15.7 ft/minute). The hoisting frame fabrication
will be similar to that of the emplacement gantry
structure, with A36 built-up structural steel shapes
welded in accordance with American Welding
Society standards.

4-76

Once the waste package is engaged by the lifting
head trolleys, the waste package can be lifted off
the reusable rail car. Lifting screws, located at
each comner of the hoisting frame, will provide the
vertical lift. These ball screws will be supported at
both ends by rigidly mounted angular contact bear-
ings and will be chain-driven by electric gear
motors mounted on the top cross-member of the
emplacement gantry. A maximum vertical lift of
2.226 m (7.304 ft) is required to lift a 2-m (6.5-ft)
diameter waste package over the concrete shadow
shield. This design allows the waste package to be
elevated to its maximum height in approximately
3 minutes. During lifting, an integral motor brake
in the traversing motors will ensure that the
emplacement gantry cannot move. While the
emplacement gantry traverses along the emplace-
ment drift, solenoid-operated locks will engage the
hoisting frame to support the load and minimize
flexing of the ball screws.

The waste packages will be lifted by two end skirts
using the two lifting heads and fixtures. The lifting
head trolley will adjust to the varying waste pack-
age lengths, engage the recessed ends of the waste
packages, and provide a structure for lifting the
waste package. The trolley will be carried on the
top flange of the longitudinal beams of the hoisting
frame and positioned by trolley screws that will be
carried on the hoisting frame. The trolley will
move along the top flange of the longitudinal beam
using flat rollers. Six rollers will carry each trol-
ley. The trolley will be secured to the hoisting
frame by sliding plates welded or bolted to the
hoisting and trolley frames.

The emplacement gantry will be electrically pow-
ered. A third rail installed on the drift invert will
supply power through two spring-loaded,
brush-type contacts that slide along the rail as the
emplacement gantry moves within the emplace-
ment drift. These contacts will be located approxi-
mately 1 m (3.3 ft) inside of each bogie, so that if
the circuit is interrupted on one contact, the other
will continue to supply the gantry. Electric power
from the contactors will feed into a power distribu-
tion panel on the emplacement gantry.
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The control system for the emplacement gantry
will use a set of redundant on-board programmable
logic controllers and control computers. The con-
trol system will control and monitor vital on-board
operations and functions such as the following:

* Vehicle locomotion, speed,
braking, and positioning

acceleration,

» Waste package hoist and lifting head drive
motors with limit switches

* Load locking and latching devices

The emplacement gantry control system will also
operate and interface with on-board camera and
lighting systems, thermal monitoring and control
systems, radiation monitoring systems, power sup-
ply and distribution systems, and remote communi-
cation systems.

The emplacement gantry controls will remotely
communicate with operators who will be located at
a control station on the surface. The operators will
be linked to the emplacement gantry controls by a
subsurface communications network. The network
will consist of a fiber-optic communication line
installed throughout the main and perimeter drifts.
This network will provide wireless remote control
within the emplacement drifts. Controls system
details are described in Section 4.2.5.

The emplacement gantry design also incorporates
four radiation-shielded electrical enclosures. Each
enclosure will be constructed of carbon steel with a
minimum thickness of 51 mm (2 in.).

Gantry Carrier. The gantry carrier will transport
the emplacement gantry from the surface storage
facility to the emplacement drifts and between
emplacement drifts during waste placement opera-
tions. Because the combined weight of the gantry
carrier and emplacement gantry will be lower than
the combined weight of the waste package trans-
porter and waste package, only one locomotive
will be required to move the emplacement gantry.

The gantry carrier will be similar to a railroad flat
car with 90 Ib/yard rails mounted on the gantry car-

rier bed to accommodate the emplacement gantry.
The track gauge for the rails will be 2.88 m
(112.20 in.), which will match the gauge of the
drift invert rail. The carrier arrangement is shown
in Figure 4-39; the main components of the gantry
carrier are described in the following paragraphs.

Underframe. The gantry carrier underframe
structure is designed as a standard railroad flat car
with horizontal main stringers running the full
length of the car near its midpoint. The stringers
will support the bolster plates and bolsters at each
end of the car providing the connections to each
undercarriage. The stringer will also provide an
anchor point for the coupler located at the end of
the car. Outside stringers, located at the outside
edge of the car, will be attached to the main string-
ers with crossbeams. The outside stringers will be
spaced at close intervals and run perpendicular to
the main stringers. The outside stringers will be
attached to the rails and support the weight of the
emplacement gantry. The underframe will be fab-
ricated of structural sections and plate with welded
or bolted connections.

Rail Trucks. To provide compatibility among the
various pieces of emplacement equipment, the gan-
try carrier rail trucks will be the same as those used
on the waste package transporter. The gantry car-
rier will interface with the primary locomotive
through a coupler provided at one end of the gantry
carrier. The coupler will be the same type as that
provided with the waste package transporter. The
gantry carrier braking system will also be the same
as the braking system installed on the waste pack-
age transporter.

Restraints. Once the emplacement gantry is
loaded onto the gantry carrier, it will be clamped to
a restraint designed to completely secure the
emplacement gantry when the gantry carrier is in
motion. The restraint will be a spring set/electric,
or air pressure release fail-safe type, which
engages the gantry at several locations.

Power System. A third-rail electric power system
installed on the carrier will provide power for load-
ing and unloading the emplacement gantry. This
rail will be compatible with the system installed in
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the emplacement drifts. Power will be supplied to
the third rail from the primary locomotive through
an electrical cable connection to the gantry car-
rier. A brush contact will be installed approxi-
mately 1 m (3.3 ft) from each end of the
emplacement gantry so that power will be continu-
ally supplied to the traversing drive controls during
emplacement gantry loading and unloading.

Emplacement Drift Transfer Dock and Isolation
Doors. Each emplacement drift will be equipped
with a transfer dock that incorporates the emplace-
ment drift isolation doors.

Transfer Dock. The conceptual design of the
emplacement drift transfer dock is illustrated on
Figure 4-40. The transfer dock is designed to per-
form the following functions when waste packages
are being transferred to the emplacement drift:

* Achieve and maintain the proper distance
between the top of rail in the turnout and the
top of rail in the emplacement drift to
accommodate the particular transfer
equipment (reusable rail car or gantry
carrier).

Allow flush contact between the edge of the
transfer dock and the corresponding edge of
the waste package transporter and gantry
carrier.

Accommodate any protrusion on the waste
package transporter or the gantry carrier with
block-outs in the dock face.

Align, support, and maintain the alignment
of the reusable rail car rail in the waste
package transporter or the gantry carrier rail
with the emplacement drift rail systems.

Verify alignment and support of the transport
equipment before transfer proceeds.

To unload the reusable rail car, the rails and the
rigid chain drive guide will extend over the edge of
the dock and line up with the respective rails and
guides of the waste package transporter. At the
same time, the rails and guides will be supported

on the back edge of the waste package transporter
floor, which will be exposed after the transporter
doors open. The face of the dock will have a
pocket for the coupler and will allow the dock edge
to fit flush to the transporter floor. The face of the
dock will also be recessed to allow clearance for
the transporter door operator motors.

The gantry carrier rails used for loading and
unloading the emplacement gantry will be flush
with the end of the carrier and butt against the
emplacement drift rails. It will not be necessary
for the emplacement gantry electrified third rail to
butt against the respective gantry carrier third rail,
because the emplacement gantry will have two
power contactors, which will allow it to always
draw power from either of the two rails.

Isolation Doors. The design concept for the
emplacement drift isolation doors is described in
Emplacement Drift Air Control System (CRWMS
M&O 1997i). The emplacement drift isolation
doors will open and close frequently while waste
packages are being placed. After waste placement
is completed within an emplacement drift, the
doors will be closed and will be opened infre-
quently. The design functions of the isolation
doors include the following:

» Sealing the emplacement drift to prevent
unwanted air from entering

* Regulating airflow into the emplacement
drift when needed

* Providing some radiation protection for
workers

* Controlling access to the emplacement drifts

* Accommodating both high and low thermal
loads

* Requiring low maintenance

The design concept for the isolation doors requires
that a low, controlled volume of air be allowed to
enter the emplacement drift. This requirement will
be achieved by equipping the door with seals that
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prevent or restrict the amount of unwanted air that
leaks into the emplacement drift. Continuous
ventilation is calculated to be no more than
0.1 m%s (211.9 ft*/minute) (average) per drift.
This quantity includes both air that leaks into the
drift and air that is deliberately introduced by the
louvers and dampers installed in each door. The
louvers and damper will act as regulators and allow
air to flow into the drift when needed. To ensure a
continuous low flow of less than or equal to
0.1 m%s (211.9 ft>/minute), instrumentation for
monitoring airflow has been incorporated into the
design.

The doors will be heavier and sturdier than
required for structural adequacy and ventilation
control to ensure that the door will provide some
level of radiation protection. The door configura-
tion will also incorporate features that prevent radi-
ation streaming through gaps in the doors or
between the doors and the door support frame.

Because the isolation doors will control access to
high and very high radiation areas, a conspicuous
visible or audible alarm signal will be installed at
each emplacement drift entrance or high radiation
area access point. This will ensure that both the
individual entering the high-radiation area and the
supervisor of door opening operations will be
aware of entry into a high-radiation area. Entry-
ways will be locked, except for approved access.

The temperature of the emplacement drift walls
will be below 200°C (390°F), and the maximum
temperature of the access mains will be 27°C
(80°F). A temperature gradient through the door
will occur because the door structure will be
located at the interface between these two tempera-
ture zones.

The isolation doors are designed as a swing-type
door system, consisting of two door panels that
each pivot around a hinged point. Using two doors
rather than one reduces the load on the hinged con-
nection between the door and the supporting door-
frame. The option remains, however, to use a
one-door system if future analyses indicate that a
two-door system allows too much air leakage. The
doors will be sized to accommodate the emplace-

ment gantry, which will be the largest piece of
equipment to be loaded and unloaded at the
emplacement drift transfer dock. Each of the two
swing doors will be equipped with a remotely con-
trolled actuator to open and close the door.

The doors will be constructed of ASTM Type 304
stainless steel with a minimum thickness of 1 in.
This thickness will be an important factor in pro-
viding radiation protection to personnel in the main
drifts when the doors are closed. The doors will be
constructed of a channel frame with a Type 304
stainless steel skin on each side that will be at least
0.5 in. thick. The frame will add rigidity to the
door structure, similar to a hollow-core door, and
aid in retaining the door's shape under a wide range
of thermal loads. Insulation will be added to the
hollow door space to reduce heat transfer from the
emplacement drifts to the main drifts. The door
supporting frame and the drift bulkhead will com-
plete the isolation between the emplacement drift
turnout and the emplacement drift. The door and
frame will be placed at the interface between the
short turnout and the beginning of the emplace-
ment drift. The doors and frame will be set in a
concrete bulkhead, installed to form a seal against
the rock and to fill any cracks in the rock, decreas-
ing the amount of leakage around the bulkhead.

The louver on each door must be able to control
airflow and prevent radiation from escaping the
emplacement drift. The louver will control the
flow of air during low-flow conditions. Ideally, no
air will enter the drift when the louver is com-
pletely shut. Therefore, the only air entering the
drift will be air that leaks through the door seal or
through the surrounding rock mass. If airflows
resulting from leakage are greater than 0.1 m3/s
(211.9 ft*/minute), a cover will be placed over the
louver to completely cut off airflow and to ensure
that no air leaks through the louver. The volume of
airflow depends on both the size of the louver and
the magnitude of the pressure driving the air
through the louver.

The door design calls for the permanent installation
of a 16-ft?> louver, with provisions for installing a
larger louver. Modular louvers may be inserted in
the emplacement doors to provide airflow as
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needed. The door design includes a provision that
allows these modular louvers to be easily inserted.
Blast cooling (rapid cooling) will be a relatively
rare event, so only a few sets of the larger louvers
will be needed.

The 16-ft? louver will be located in the door rather
than the doorframe or off to one side of the
emplacement drift entrance. Because the louver
will be small, it can easily be located in one loca-
tion, instead of being spread along the frame. The
air will stratify in the drift, and the central location
of the louver will tend to ensure that hot, stratified
air will be kept away from the door. Air velocity
will be the highest near the door; as the air pro-
ceeds down the drift, its velocity will slow to the
average velocity in the drift (about 0.0073 m/s
[1.4366 ft/minute]). The louver will be located
near the bottom of the door in the center. This
placement allows easy access for maintenance and
simplifies the insertion of additional louver sec-
tions if blast cooling is required.

The requirement to prevent the unmitigated escape
of airborne radiation, which could only be possible
if a waste package is breached, will be partly satis-
fied by the pressure differential between the main
drift and the emplacement drift. That is, air will
always flow from the main drift to the emplace-
ment drift. To limit radioactive particulates from
escaping, a baffle or plate will be installed on the
drift side of the louver.

The estimated maximum air leakage through the

emplacement  drift doors is 0.1 m’s
(211.9 ft*/minute). To control this flow rate, a
competent seal will be installed to minimize the
gap between the door and frame. Latching mecha-
nisms will maintain pressure on the doors to
achieve a better seal and prevent unauthorized
access to the drift. The doors, seal, and louver will
be tested for leakage before emplacement of waste
packages begins. This test will be conducted by
closing the louver and opening the gate valve at the
raise to provide a suction pressure on the door.

Pneumatic cylinders will control door movement.
The pneumatic operator is designed with one air
cylinder on each door to provide the necessary

operating force. Air will be supplied by the facil-
ity's surface-mounted compressed air system; accu-
mulators, which store compressed air, will be used
for backup. The accumulators will provide suffi-
cient air pressure for movement in the event that
the main supply line fails or the surface-mounted
air compressors fail.

The pneumatic system design is the best system for
achieving the required control of the emplacement
drift isolation doors. An air supply will be readily
available from the redundant air compressors on
the surface, and the accumulators provide the nec-
essary backup capability. The design operating
pressure allows the use of standard, commercially
available pipe and valves. The pneumatic cylin-
ders, compressed air piping, and valves will be
located on the positive-pressure side of the doors,
so no special equipment or procedures will be
required for maintenance. The pressure differen-
tial will also aid in achieving a good door seal.
4233 Waste Transport and Emplacement
Concept of Operations

Transport of waste packages to the underground
repository will begin with the loading of waste
packages onto the reusable rail car within the
Waste Handling Building (see Section 4.1.4.2).
The reusable rail car will then be loaded into the
waste package transporter, and the transporter
doors will be closed. The primary locomotive will
then move the loaded transporter out of the Waste
Handling Building. These operations will be
remotely controlled through the primary locomo-
tive controls system. Once the waste package
transporter has cleared the Waste Handling Build-
ing, operators will board the locomotive and guide
the waste package transporter to a position where
the secondary locomotive will be coupled to the
opposite end of the transporter.

The secondary locomotive is designed to provide
additional power and braking capacity to the trans-
porter as it travels down the north ramp. With this
dual-locomotive arrangement, there will always be
one locomotive ahead of the transporter, in either
travel direction, on an incline (upward or down-
ward) to prevent a potential runaway situation.
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Two locomotives will also provide a more effec-
tive braking configuration for the descent to the
emplacement drift.

The waste package transporter couplers will be
designed with an automatic release. Only the rear
coupler will require activation during normal oper-
ation, when the secondary locomotive will be dis-
connected for waste package transporter unloading.
The automatic coupler on the secondary locomo-
tive will be equipped with a remotely controlled
pneumatic actuator that disconnects the locomotive
from the waste package transporter. All power and
control systems on the waste package transporter
will be connected to the primary locomotive,
which will remain coupled in normal operation.
All power and control functions to be operated for
the waste package transporter will be activated
from the primary locomotive. The secondary loco-
motive will also be controlled from the primary
locomotive; therefore, the secondary locomotive
will not have an electric and air brake connection
to the waste package transporter.

The orientation of the transporter and locomotives
will be established at the rail wye at the connection
to the waste handling building spur before the
transporter enters the north portal air lock.
Whether the primary or secondary locomotive will
lead the waste package down the north ramp
depends on the location of the emplacement drift
where the waste package will be unloaded. The
transporter will then move down the north ramp
into either the east or west main drift, depending on
the location selected for waste package disposal.

The waste package transporter will be moved to a
position on the main drift rail adjacent to the appro-
priate emplacement drift. At this point, the second-
ary locomotive will be decoupled so that the waste
package transporter will be unobstructed for dock-
ing at the emplacement drift transfer dock. Before
docking, the operators will vacate the primary
locomotive, and operations again will be remotely
controlled. The switch for the rail turnout to the
emplacement drift will be positioned to allow the
primary locomotive to push the waste package
transporter onto the siding rail toward the transfer
dock at the emplacement drift entrance.

As the train approaches the transfer dock, the waste
package transporter doors and the emplacement
drift isolation doors will be opened by remote con-
trol. The waste package transporter will then be
backed up to the transfer dock. Once the trans-
porter is aligned with the emplacement drift trans-
fer dock, the reusable rail car and waste package
within the transporter will be unloaded using the
transporter's internal loading/unloading mecha-
nism.

After the reusable rail car containing the waste
package is unloaded into the emplacement drift,
the rail-mounted emplacement gantry in the
emplacement drift will move into place over the
waste package. The emplacement gantry will grip
the waste package at both ends and raise it high
enough to clear the end of the reusable rail car and
the emplacement drift's shadow shield. The
emplacement gantry will then traverse the
emplacement drift to the location where the waste
package will be placed on the preset support
assembly. After placement, the emplacement gan-
try will release the waste package, and the empty
emplacement gantry will return to the emplace-
ment drift entrance to await the arrival of the next
waste package. All emplacement gantry move-
ments will be remotely controlled.

After the waste package is removed from the reus-
able rail car by the emplacement gantry, the reus-
able rail car will be retracted back into the waste
package transporter. The primary locomotive and
transporter containing the empty rail car will move
away from the dock area. Once the transporter
clears the dock area, the transporter doors and the
emplacement drift isolation doors will be closed.

The locomotive and transporter will then move
toward the main drift via the turnout and past the
rail switch. The waste package transporter will be
recoupled to the second locomotive after the turn-
out switch is repositioned. The operators will
reboard the primary locomotive, and remote con-
trol will be discontinued. The operators will guide
the locomotives and transporter through the main
drift and up the north ramp back to the Waste Han-
dling Building.
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4.24 Subsurface Ventilation

Ventilation is a critical support function in the
development of the underground repository and
emplacement of the waste packages. Repository
development and emplacement are distinct and
separate operations, which will take place concur-
rently. Because of concurrent development and
emplacement, each of these operations will require
a separate ventilation system (see Figure 4-41).
The emplacement and development operations will
be ventilated by two separate and independent sys-
tems of fans and control devices. Movable under-
ground isolation air locks will physically separate
the air flows of the two systems.

Development-side ventilation will be provided by a
pressure system. In a pressure system, the fans are
located on the intake side, and air is pushed under-
ground exiting the south portal. This pressure
system causes the air pressure throughout the
development side to be above atmospheric pres-
sure. In contrast, the emplacement side will be
ventilated by an exhaust system. In this system,
the fans are located at the exhaust point and pull air
in and down the north portal and through the
subsurface. The exhaust system causes the air
pressure throughout the emplacement side to be
below atmospheric pressure.

This combination of above-atmospheric pressure
on the development side and below-atmospheric
pressure on the emplacement side will create a
pressure differential that forces any air leakage
between sides to flow from the development side to
the emplacement side, where the risk of radionu-
clide release will exist. The net pressure differen-
tial between the development and emplacement
areas may be at least 189 pascals (0.76 in. water
guage). The emplacement exhaust system will be
equipped with a standby high-efficiency particulate
air filtration system that will come online if radio-
nuclides are detected in the air of the exhaust main.
Ventilation will be maintained in an emplacement
drift until all the waste packages are emplaced in
that drift. Afterward, as discussed in Emplacement
Drift Air Control System, a low continuous flow of

0.1 m’¥s (212 ft’/minute) is planned for each
emplacement drift (CRWMS M&O 1997,
Section 8). Continuous flow-through ventilation
will be maintained in the repository accesses until
closure.

The combined effects of the thermal load from the
waste packages and the air flow through the
emplacement drifts tends to reduce relative humid-
ity inside the emplacement drifts and remove mois-
ture retained in the rock matrix during the
preclosure period. This, in turn, serves to delay
moisture-induced corrosion of the outer wall of the
dual-barrier waste package thereby extending the
lifetime of the waste package. This reduction in
relative humidity is expected to continue until the
rock begins to cool and moisture returns to the
drifts.

Air flow through the emplacement drifts will be
controlled at two points. The inlet end of the drift
has a louvered arrangement built into the isolation
door. The exhaust end will have a valve and duct
arrangement. Both will be needed to regulate the
air flow because the doors must be opened periodi-
cally to receive the waste packages. When the
doors are open, the air flow will be controlled
solely by the exhaust valve.

Two of the emplacement drifts, standby drifts, will
not contain waste packages. These standby drifts
will be finished with inlet and outlet structures in
case the drift is needed to emplace waste packages
from another drift.

Section 4.2.4.1 describes the different configura-
tions of the ventilation system during early
construction of the repository, during concurrent
development of drifts and emplacement of waste
packages, and during the monitoring phase of the
repository. Section 4.2.4.2 describes the ventila-
tion system components. Section 4.2.4.3 describes
the behavior of the ventilation system under special
circumstances: retrieval, if necessary; and backfill
of emplacement drifts, if chosen as an option.
Section 3.2.1.3 of Volume 4 discusses the
continuing subsurface ventilation activities.
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4.2.4.1 Ventilation Configuration During

Various Repository Phases

Construction Phase Ventilation. The VA reposi-
tory layout (Figure 4-42) illustrates the ventilation
system for the early construction phase. The
entrance, exit, and muck haulage routes will be
established by repository layout and construction
analyses that will provide the basis for developing
the repository ventilation plan (Repository Subsur-
face Layout Configuration Analysis [CRWMS
M&O 1997ab] and Subsurface Construction and
Development Analysis [CRWMS M&O 1997af]).
During initial repository construction, the low
number of headings and possible air routes will
limit the ventilation configuration possibilities. As
construction advances and more openings become
available, more efficient ventilation arrangements
will be possible.

Early construction will include tunnel boring
machine excavation of the south main drift, west
main drift, north main drift, north ramp extension
drift, east main north extension drift, cross-block
drifts, exhaust main drift, and the first section of
emplacement drifts and associated ventilation
raises. The development intake shaft and the
emplacement exhaust shaft will also be constructed
during this period.

For early construction of the repository, the open-
ings that were developed for the Exploratory Stud-
ies Facility will provide the flow path for
ventilation air. Air will enter through the north
ramp and exhaust through the south ramp. Auxil-
iary construction fans will be used to provide venti-
lation for the 7.62-m (25-ft) diameter tunnel boring
machine during excavation of the south main drift,
west main drift, north main drift, and exhaust main
drift. A separate auxiliary construction fan will
support the 5.5-m (18-ft) diameter tunnel boring
machine during excavation of the three cross-block
drifts and the connecting drifts to the development
intake shaft and emplacement exhaust shaft.

Three temporary intake fans will be installed at the
north portal to provide ventilation with an air lock
system for equipment and personnel passage. The
three fans will be activated individually as needed

to support the ventilation requirements during early
construction. Each fan can deliver 66.1 m3/s
(140,000 ft*/minute) of air at 1.7 kPa (6.8 in. water
gauge) static pressure. When operated simulta-
neously in parallel, the three fans can deliver
188.8 m3/s (400,000 ft3/minute) of air as discussed
in Overall Development and Emplacement Ventila-
tion System, (CRWMS M&O 1997q,
Section 7.6.1.3).

The early construction phase ends once both
emplacement exhaust shaft and development
intake shaft are commissioned.

Development/Emplacement Phase Ventilation.
The development phase will start after installation
of the isolation barriers between the emplacement
and construction sides. At that time both develop-
ment intake and emplacement exhaust shaft fans
will be in place and operating. When waste pack-
age emplacement operations begin, construction of
the first section of emplacement drifts will have
been completed. Emplacement activities in the
first panel will run concurrently with development
of the next section of emplacement drifts.
Figure 4-41 shows the two separate ventilation sys-
tems in the emplacement and development areas
during the early waste emplacement phase. Isola-
tion barriers will be installed to separate the
emplacement side from the development side. The
isolation barriers will be moved southward as pan-
els are completed and turned over to emplacement
operations.

On the development side, the main fan will be
located at the surface near the development intake
shaft collar to force the intake air into the develop-
ment network. The ventilation flow path will be
from the development intake shaft fan down to the
repository level; from here the air splits along the
west main drift and exhaust main drift. The air will
continue through the emplacement drift construc-
tion area and exhaust through the east main drift to
the south ramp and then to the surface at the south
portal pad.

Flow-through ventilation will use available drifts
as airways. Because drift airways have minimum
resistance to airflow, ventilation operations not
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only permit rapid increase of airflow to area in
need, but also cost less. The tunnel boring machine
and roadheader will be supplied with air by an aux-
iliary construction fan and duct system. Other
options will be investigated for the development
side that use more extensive ducting and may pro-
vide better dust control. One option would have
ducting coming from the surface, as a supply, to
the excavation areas, and an exhaust duct running
from the excavation areas back to the surface. The
air balance would be adjusted to allow free air for
general ventilation to enter down the ramp. The
other option under investigation has the intake air
being supplied down the drifts and the exhaust air
being captured in ducts and routed back to the sur-
face.

On the emplacement side, the north ramp will
serve as the primary intake airway for the emplace-
ment operations area. During repository opera-
tions, there will be no potential dust sources in the
north ramp except ambient surface dust and pol-
lens. Surface dust and other particulates can be
limited by filtering the intake air through a coarse

filtration system at the north portal.

The emplacement-side exhaust shaft at the north
end of the repository block will serve as the
exhaust airway for waste emplacement operations.

The emplacement-side fans will be located on the
surface near the exhaust shaft collar. Two identical
fans will be provided, one operating and one
standby. Each fan will be capable of providing the
capacity listed in Section 4.2.4.2.

The emplacement intake air will enter the facility
through the north ramp to the east main drift and
split into the following two air flows: one will ven-
tilate the east side emplacement drifts and the sec-
ond will direct air around the north end of the
repository into the west main drift. Air in each of
the mains will be distributed to the individual
emplacement drifts and then exhausted to the
exhaust shaft through the exhaust main.

The ventilation system will include two 1.829-m
(72-in.) diameter vent ducts located in the exhaust
main to isolate air coming from the emplacement

drifts. Each of the two vent ducts will carry
47 m3/s (100,000 ft3/minute) of air; the remaining
approximately 189 m?/s (400,000 ft*/minute) of air
will go directly to the exhaust main drift. The vent
ducts will be connected to the emplacement drifts
through the control dampers located at the raise.

If a waste package breached in one of the emplace-
ment drifts, sensors at the discharge end of the drift
would initiate a response program that would con-
tain and collect the contaminants. The high-effi-
ciency particulate air filter units located at the
exhaust shaft would be shifted from an offline
mode to online. This would be accomplished by a
preprogrammed response where the exhaust fans
for the duct system will be slowed to reduce the air
flow from 47 m%s (100,000 ft3/minute) to
14.2 m%/s (30,000 ft*/minute) to match the capacity
of the high-efficiency particulate air filters. Con-
trol dampers in the duct system will be pro-
grammed to activate in a manner not to exceed the
high-efficiency particulate filter capacity. Isola-
tion and control valves in the duct system will be
placed so that air flowing in either duct can be
routed to either set of filters or fan.

Monitor Phase Ventilation. The monitor phase
will begin after the final waste package has been
emplaced. The purpose of the ventilation system
during the monitor phase is to support subsurface
personnel in the maintenance of airways, environ-
mental monitoring and performance confirmation,
and keeping the repository ready for retrieval,
backfill, and closure. Figure 4-43 illustrates the
ventilation system during the monitor phase.

The emplacement-side shaft will be used as the
exhaust airway in the final emplacement phase.
During the monitor phase, the emplacement-side
exhaust shaft will continue to be used as the
exhaust airway. Since the development phase of
the repository will be complete, there will be no
need for the development-side system. The devel-
opment-side system will be idle and may be con-
verted to a backup exhaust shaft for the subsurface
emplacement area.

During the monitor phase, the air will enter
through the north ramp and/or the south ramp and




Viability Assessment of a Repository at Yucca Mountain
DOE/RW-0508/V2

FV20424-5

ctm)

283.2 m¥s
$600.000

PRIMARY EXHAUST

c
o
=
it
=

o
>

(]

@

(]
<
Q.

;_

O
=

c

O
=
o)
hi
<t

]

A

=1
2
[T

EXHAUST SHAFT HEADFRAME

ENCLOSED EMPLACEMENT

. s -
{600,000 cF
UNEXPANDED VOLUME

PRIMARY EXHAUST
F, T Y3




Preliminary Design Concept for the Repository and Waste Package

Volume 2

be split into the east and west mains. From there,
the air will travel through the emplacement drifts
down the ventilation raise, and into the exhaust
main or exhaust main auxiliary ducts, which will
be equipped with a high-efficiency particulate air
filter system. Both of the routes will lead to the
emplacement-side shaft or the development-side
shaft, if the latter has been converted to a backup
exhaust shaft and exhausted out of the tunnel.
4.24.2 Ventilation System Components
Emplacement-Side Fans. Two fans (one main
fan and one backup fan) will be located on the sur-
face, on a ridge north of Yucca Crest at the
emplacement-side ventilation shaft. The emplace-
ment-side ventilation fan will pull air from the
north portal through the emplacement side of the
repository. An emergency headframe will be
located over the shaft, requiring that a transition
structure be installed between the fan and surface
collar.

A surface power line and backup power generator
will supply power to the fans and the escape hoist.
The backup fan, with performance capabilities
similar to the main fan, will be installed next to the
main fan.

Standard industry fans will be used, although spe-
cial controls and monitoring sensors may be
needed for repository purposes. The main and
backup emplacement-side fans will have variable
speed motors and will meet the following perfor-
mance specifications:

* Maximum volume:
360 m3/s
770,000 ft3/minute

* Maximum pressure:
3.09 kPa
12.4 in. water gauge

* Maximum power:
1500 kW
2,000 hp (Brake)

* Minimum volume:
167 m3/s
353,000 ft*/minute

* Minimum pressure:
0.990 kPa
3.98 in. water gauge

* Minimum power:
165 kW
221 hp (Air)

The fans will be equipped with a monitoring pack-
age to gather and transmit operating data to the sur-
face facility at the north portal. The primary data
to be monitored will include the following:

* Vibration

» Bearing temperatures
* Motor current

* Fan pressure

The fans will be equipped with silencers to reduce
noise to below 85 DbA at 3 m (9.8 ft) from the fan.
The fans will also be provided with exhaust stack
outlets and diffusers.

Development-Side Fans. Two development fans
(one main fan and one backup fan) will be located
on the surface, at the south end of Yucca Crest at
the development shaft collar.  The develop-
ment-side fan will force air into the repository con-
struction areas through the development shaft.
After ventilating the construction work areas, the
air will exit the repository at the south portal. A
backup fan will be installed adjacent to the primary
fan and both will be connected to the shaft through
a transition structure. An emergency hoist and an
enclosed headframe will also be located at the
shaft.

A standard mine fan can be used for the repository
construction and development. The fan will be
provided with a backup power source and will
include a reversible starter switch. The main fan
and the backup fan will have variable speed motors
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and will meet the following performance specifica-
tions:

* Maximum volume:
300 m3/s
635,000 ft3/minute

* Maximum pressure:
3.7 kPa
15.0 in. water gauge

* Maximum power:
1500 kW
2,000 hp (Brake)

e Minimum volume:
178 m3/s
376,000 ft3/minute

* Minimum pressure:
0.687 kPa
2.76 in. water gauge

* Minimum power:
122 kW
164 hp (Ajr)

The surface fan installation resembles the configu-
ration at several underground mining operations.
Silencers will be installed to reduce noise levels to
less than 85 DbA at 3 m (9.8 ft) from the fan. Fan
operating data will be monitored and transmitted to
the south portal operations center. The data to be
monitored will include the following:

* Vibration

» Bearing temperatures
* Motor current

* Fan pressure

Auxiliary Construction Fans. Auxiliary con-
struction fans are needed for the tunnel boring
machines and roadheader excavations. The auxil-
iary fans will deliver clean air to the tunnel boring
machine faces through ventilation ducting. The
auxiliary fans will remove dust-contaminated air
from the source through ventilation ducts to a dust
collector/scrubber system, then discharge the air
into the main exhaust airstream, where it will be

diluted, and exits at the south portal. The control
of silica dust is not discussed in the VA reference
design. The auxiliary fans will be standard mine
fans commonly used in underground tunneling
operations. All auxiliary fans will be equipped
with silencers to reduce noise levels to less than
85 DbA at 3 m (9.8 ft) from the fan.

Auxiliary fans will operate at 480 volts with oper-
ating pressures that can be varied by adjusting the
fan's blade settings. Fans may either push air
through rigid or flexible vent tubing, or exhaust air
from rigid vent tubing. Data monitoring for all
auxiliary fans will be considered, although fans on
the tunnel boring machines may require that per-
formance data be transmitted to the surface.

Construction Ventilation Duct. Ventilation ducts
are required to remove dust-laden exhaust air from
some excavation areas and to provide clean air to
others. Flexible ventilation duct will be supplied in
specially designed cassettes so that the duct can be
quickly installed behind the tunnel boring
machines. The preloaded cassettes will dispense
300-m (984-ft) lengths of ventilation duct for the
7.62-m (25-ft) diameter tunnel boring machines
and 150-m (492-ft) lengths of ventilation duct for
the 5.5-m (18-ft) tunnel boring machines. Flexible
duct is generally fabricated from fire resistant plas-
tic and fiber materials.

A 1.83-m (6-ft) diameter flexible duct is consid-
ered adequate to support the 7.62-m (25-ft) diame-
ter tunnel boring machine excavation of the main
drifts and the exhaust main. The 5.5-m (18-ft)
diameter emplacement drift tunnel boring machine
will be supported with a 1.37-m (4.5-ft) diameter
flexible duct.

Some excavation operations may require rigid ven-
tilation duct constructed of fiberglass or rolled
steel. This duct is considered a temporary item and
will be removed after the development construc-
tion activities have ended.

Dust Collectors and Scrubber Systems. Dust
collectors and scrubber systems clean the
dust-laden air generated by excavation, drilling,
and muck handling operations.
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Dust collectors are self-cleaning units, equipped
with low noise in-line centrifugal fans, motor start-
ers, and dust disposal containers. With current
technology, efficiencies of 90 percent dust removal
down to 1.0-micron airborne particulates are avail-
able. Dust collectors are available as stand-alone
portable units or as mobile units mounted on flat
cars. Some mobile and portable dust collectors are
specified as dry units to maintain versatility for
subsurface applications where water use and dis-
posal could be a factor.

Dust scrubbers will be placed at strategic locations
in primary airways and in selected drifts, and will
include both mobile and portable units. All tunnel
boring machines will be equipped with wet dust
scrubbers to limit the amount of airborne dust both
at its primary source and during material rehan-
dling.

Emplacement Drift Isolation Doors. Access to
the emplacement drifts from the perimeter mains
will be through remotely operated emplacement
drift isolation doors. The emplacement drift isola-
tions door will open and close frequently while
waste packages are emplaced. After waste pack-
age emplacement is completed within an emplace-
ment drift, the doors will be closed and open only
infrequently. The exit from the emplacement drift
raise to the exhaust main will be through an air
ducting structure, which will include valves and an
access port.

The emplacement drift isolation doors will be
equipped with louvers to regulate the air flow
through the emplacement drift on the emplacement
side of the repository. These doors are designed as
permanent fixtures to provide ventilation control
and reduce gamma and neutron radiation emissions
from the emplacement drifts to the main drifts.
The steel isolation doors can be fabricated on the
surface for installation underground. The doors
will be equipped with the instrumentation neces-
sary to detect, and transmit to the control center,
pressure differential, radiation, and open and
closed status.

An exit structure with valves will be installed on
the exhaust side of the emplacement drifts. These

fabricated steel structures will be located at the bot-
tom of the exhaust raises. Environmental instru-
mentation will be installed near the exit structures
to monitor radiation, wet and dry bulb temperature,
and air flow.

Emplacement-Side Exhaust System and
High-Efficiency Particulate Air Filters. The
emplacement-side exhaust system will include
high-efficiency particulate air filters and adsorp-
tion units at the emplacement-side shaft that will
come on line if a radiological release is detected.
During normal operations, the filters will be
bypassed. The system will be equipped with sen-
sors and monitors that transmit data on fan perfor-
mance and air quality to the repository operations
center.

The subsurface portion of the emplacement-side
exhaust system will be installed in the exhaust
main with the fans for the system located near the
bottom of the emplacement-side  shaft
(Figure 4-44). The system will include two 1.83-m
(6-ft) diameter steel ducts in the exhaust main fab-
ricated from 6-mm (0.24-in.) steel plate
(Figure 4-45). The ducts will be connected to each
emplacement drift via steel structures and valves.
The system will control the airflow in the emplace-
ment drifts and will, if necessary, cool the
emplacement drift for retrieval. The ventilation
ducts will prevent the spread of contamination in
the event of a radiological release in an emplace-
ment drift due to a breached waste packages.

The fans for the subsurface emplacement-side
exhaust system will be standard industry centrifu-
gal fans provided with backup power. The fans
will be equipped with silencers that reduce noise to
below 85 DbA at 3 m (9.8 ft) from the fan. The
fans will have variable speed motors and will meet
the following performance specifications:

e Maximum volume:
64.7 m3/s
137,000 ft3/minute

* Maximum pressure:
11 kPa
43 in. water gauge
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e Maximum power:
932 kW
1,250 hp (Brake)

e Minimum volume:
48.6 m3/s
103,000 ft3/minute

* Minimum pressure:
1.42 kPa
5.7 in. water gauge

* Minimum power:
69 kW
93 hp (Ain)

Portable high-efficiency particulate air filter sys-
tems mounted on rail cars will be available to clean
the air coming from a contaminated area. These
portable filters could be used to assist in decontam-
inating an emplacement drift or one of the main
drifts if a radiological release occurred.

Isolation Barriers. The development side and the
emplacement side of the repository will be sepa-
rated by isolation barriers installed in the east
main, west main, and exhaust main. These barriers
will isolate the emplacement-side and develop-
ment-side ventilation air streams. The barriers
may be erected at several locations and be relo-
cated periodically until repository development is
completed. The pressure difference across the
barriers will ensure that any air leakage will flow
from the development side of the repository to the
emplacement side.

Human factors can affect the isolation barriers in
the following three ways:

* The barriers can be accidentally or deliber-
ately damaged.

* The barrier seal can be broken if personnel
pass through the manway.

* If personnel are injured, they may need to be
evacuated through any one of the isolation
barriers.

A single isolation barrier will not meet its func-
tional requirements if personnel must pass through
the barrier. A dual- or multiple-barrier system with
an air lock will allow passage between the develop-
ment and emplacement sides without breaking the
barrier seal. The manway opening in each barrier
will contain a self-closing door. By placing the air
lock doors so that the one on the development side
swings outward and the one on the emplacement
side swings inward, the doors will tend to be
self-closing because of positive air pressure from
the development side and negative air pressure
from the emplacement side.

The dual isolation barriers would typically be
installed in straight, consistently round sections of
the main drifts, offset from emplacement drift turn-
outs, curves, and cutouts. Dual barriers forming air
locks will be placed to accommodate these incon-
sistencies in the drift cross section, while single
barriers may be placed somewhat randomly.

The isolation barriers will be constructed of steel
plate with a steel, wide-flange frame. The frame
will be anchored to the cast-in-place concrete lin-
ing. The barriers are designed to allow personnel
passage from one side to the other in the event of
an emergency. The rail gauge at the development
side of the barriers will not be the same as the rail
gauge on the emplacement side. Rail traffic could
pass from one side to the other in an emergency
using special means. Emergency rail traffic would
be permitted through the barrier by removing pan-
els from the isolation barriers.

The isolation barriers will be equipped with sen-
sors to monitor the pressure difference between the
emplacement side and the development side. Sen-
sors will also monitor the status of the manway to
detect any individuals who pass from one side to
the other. The isolation barriers will be temporary
structures and will be moved as the emplacement
side of the repository advances. The isolation bar-
riers are designed so that they will be cost effective
and easily assembled and disassembled.

Emplacement Drift Air Control System. Air
will flow from both the east and west mains down
each emplacement drift to the central raise. The air
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will then flow down the raise to the exhaust main
where it will be drawn to a shaft and discharged
from the repository. The repository configuration
will change as different phases will be completed,
so ventilation requirements for the emplacement
area will change. However, the overall flow pat-
tern for each emplacement drift will not change.

Redundant inlet and outlet structures are required
so that ventilation can still be controlled when one
structure is open or undergoing repair. In addition,
capability will be provided to close off the entire
emplacement drift with inlet and outlet controls in
the event of a breached waste package. If a
breached waste package were detected, the
emplacement drift could be closed off by closing
the exit structures in the vent raise and by closing
the louvers in the isolation doors at both ends of the
drift. Figure 4-45 illustrates emplacement drift
ventilation discharge into the ventilation ducts in
the exhaust main.

4.24.3 Ventilation Under Special
Circumstances

Retrieval. Retrieval of one or all of the waste
packages from an emplacement drift may be
required during the preclosure phase. Retrieval
will begin by blast cooling the drift with air to
lower the temperature to 50°C (122°F). The
Retrievability Strategy Report (CRWMS M&O
1997ad) recommends that the air temperature be
lowered from 200°C to 50°C (392°F to 122°F)
within 30 days. The capacity of one duct would be
available for blast cooling. The other duct would
collect the continuous ventilation air and any air
used for monitoring. Using this system, waste
packages could be retrieved from only one
emplacement drift at a time.

Backfill. The option of backfilling the emplace-
ment drifts will be considered (see Section 5.3.1).
If the backfilling option is selected, the drift tem-
perature will have to be blast-cooled to 50°C
(122°F) before backfilling. During backfill opera-
tions, air will be discharged through the access port
in the exit structure. The discharged air will be
pulled through a filter to remove any dust gener-

ated by the backfill operation and then be vented
into the exhaust main. The emplacement drifts
would be backfilled to cover the waste package,
leaving the top of the emplacement drift open to
maintain air circulation. The procedure will allow
only one drift to be backfilled at a time.

The limited capacity of the two ventilation exhaust
ducts will limit the total capacity of the subsurface
ventilation system. Because of this limitation, nei-
ther backfill, recovery, nor retrieval can occur
simultaneously with emplacement operations.

4.2.5 Subsurface Repository Monitoring and

Control Systems

The subsurface repository design encompasses a
variety of monitoring, control, and data communi-
cation systems. As illustrated in Figure 4-46, sub-
surface waste emplacement and performance
confirmation activities, as well as possible waste
retrieval operations, involve an extensive network
of instrumentation and digitally based monitoring
and control systems. This section outlines the ini-
tial monitoring and control concepts developed for
several key subsurface systems as part of the VA
design effort.

Initial work has focused on developing preliminary
designs of control systems for key elements of the
subsurface repository. The priority has been to
develop control systems for systems, structures,
and components that are unique to the repository,
that may be important to radiological safety, and
for which there is limited regulatory precedent.

Section 4.2.5.1 describes control system concepts
for the transport locomotive, waste package trans-
porter, emplacement gantry, emplacement drift iso-
lation doors, and rail switches (these waste
emplacement components are described in detail in
Section 4.2.3). Section 4.2.5.2 describes the sub-
surface data communication network for emplace-
ment systems.  Section 4.2.5.3 describes the
elements of the performance confirmation data
acquisition  system. Additional subsurface
monitoring and control systems are described in
Section 4.2.5.4.
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Control components for the subsurface ventilation
system are described in Section 4.2.4; additional
details are provided in Overall Development and
Emplacement Ventilation System (CRWMS M&O
1997q). The waste retrieval system is addressed in
Section 4.2.7, with additional detail provided in
Waste Package Retrieval Equipment (CRWMS
M&O 1997ar).

4.2.5.1 Waste Emplacement Monitoring
and Control Systems

Section 4.2.3 describes the waste emplacement
process, which involves multiple rail-based
heavy-haul vehicles, several remotely actuated
loading and unloading mechanisms, and a series of
remotely activated rail switches and emplacement
drift isolation doors. This section outlines the con-
trol strategy and design concepts for these key
waste emplacement systems.

Transport Locomotive Control Systems. The
primary and secondary transport locomotives are
designed for both direct manual and wireless
remote control. The locomotives will be manually
controlled by on-board operators during transporta-
tion of waste packages from the Waste Handling
Building on the surface to a subsurface area near
the entrance of the assigned emplacement drift.
The locomotives will be remotely operated when
conditions are unsafe for human operators, such as
during operations near the emplacement drift trans-
fer dock.

The basic locomotive design is based on commer-
cially available mining locomotives equipped with
conventional manual controls including throttle
and brake controls, as well as a variety of on-board
performance gauges and indicators. In addition,
the locomotives will be outfitted with commer-
cially available equipment that provides for
fail-safe wireless remote control and operation.
Use of redundant, high-quality components and
backup systems will ensure high system reliability.

When the locomotives are operated manually,
supervisory operators located at a remote com-
mand center will continuously monitor the locomo-
tives to ensure that they are operated properly and

safely. During operation near the emplacement
drift transfer dock, the locomotives will be oper-
ated entirely by operators at the remote command
center. Articulated cameras and lighting systems
and on-board microphones will provide operators
at the command center with real-time, high-resolu-
tion visual and audio feedback. Camera systems
will be mounted both at the front and back of each
locomotive, as well as in the emplacement drift
turnout. The operators at the command center will
also receive continuous feedback on locomotive
performance parameters including speed, accelera-
tion, braking, power, communication system sta-
tus, and equipment operating temperatures. The

operators at the command center will have emer-
gency shutdown capabilities.

The initial locomotive control system design is
based on a dual-redundant, fault-tolerant program-
mable logic controller-based control configuration.
The redundant programmable logic controllers will
employ an input/output “voting strategy” that
requires both programmable logic controllers to
agree before implementing a command or provid-
ing system feedback. Additional levels of redun-
dancy and reliability can be provided by properly
programming software systems and by implement-
ing design strategies such as using diverse technol-
ogies, physically separating redundant
components, and providing backup power and
communication systems.

During transit, the waste package transporter will
be positioned between the two locomotives, which
will be electrically and pneumatically coupled
across the transporter to work in unison. By con-
figuring the appropriate switch settings, one loco-
motive is designated as the lead, or primary
locomotive, and the other is designated as the sec-
ondary locomotive. When working in tandem,
only the primary locomotive will be manned. Each
locomotive will be provided with the hardware and
software necessary to operate in either the primary
or secondary role.

As discussed in Repository Rail Electrification
Analysis, a 600-volt direct-current overhead trolley

wire system will provide primary power to the
transport locomotives (CRWMS M&O 1997z).
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Two independent and technologically diverse digi-
tal communication systems will be used to commu-
nicate with the transport locomotives. Leading
candidate communication technologies  will
include a distributed antenna system and either a
radio-frequency coaxial cable system or slotted
microwave wave guide technology as indicated in
Subsurface Waste Package Handling - Remote
Control and Data Communications Analysis
(CRWMS M&O 1997ai). The radio-frequency
coaxial cable system is referred to as “leaky
feeder” technology and is currently used in the
mining industry. The slotted waveguide technol-
ogy is currently used in rapid transit and rail-based
people-mover industries. Additional details on the
transport locomotive monitoring and control sys-
tems are provided in Emplacement System Control
and Communication Analysis (CRWMS M&O
1997j, pp. 45-53).

Waste Package Transporter Control System.
Because of the high radiation levels associated
with the waste packages, waste package loading
and unloading operations will be remotely con-
trolled. In the remotely controlled mode, the oper-
ators at the remote control console will initiate
loading or unloading control commands when
feedback signals indicate that the transporter is
properly positioned. Communication and control
signals will first be processed by the programmable
logic controller on the primary locomotive and
then transferred to a programmable logic controller
on the waste package transporter. The programma-
ble logic controller on the primary locomotive will
monitor and check all of the transporter's opera-
tions and system performance parameters
(CRWMS M&O 1997j, pp. 53-57).

The loading mechanism in the waste package
transporter will be equipped with multiple posi-
tioning sensors and other types of sensors that
provide feedback about the motor current usage,
temperatures, radiation levels, and other parame-
ters. A camera system will be mounted inside the
transporter for remote viewing of loading and
unloading operations.

The waste package transporter systems, particu-
larly the loading mechanisms, must be very reli-

able. When empty, the transporter will be fully
accessible for routine and preventive mainte-
nance. The transporter's programmable logic

controller-based control system will be mounted
outside the protective shielding so that it can be
accessed directly by maintenance personnel.

Emplacement Gantry Control System. The
emplacement gantry is one of the most critical ele-
ments of the waste emplacement system. Its basic
function and operation are discussed in
Section 4.2.3.2

The emplacement gantry is designed to operate
inside the high-temperature, high-radiation envi-
ronment of the emplacement drift gantry opera-
tions inside the emplacement drifts will be
controlled by operators at a remote control console.
During gantry transporting operations in the main
drifts and during periodic preventive maintenance
service outside the emplacement drifts, operators
will be provided with a portable control console for
local control of the vehicle.

The emplacement gantry system must perform its
intended functions in a safe and reliable manner.
The design limits system complexity and incorpo-
rates verified and validated high-quality compo-
nents and software; fault-tolerant dual-redundant
programmable logic controller-based control sys-
tems; backup power and communication systems;
and diverse hardware and software technologies.
In addition, the redundant and backup systems will
be physically separated.

As shown in Figure 4-47, Emplacement Vehicle
On-Board Control System, the emplacement gan-
try's on-board control system is made up of multi-
ple integrated subsystems. Several of these
subsystems, such as the vehicle locomotion and
braking systems, are critical to the successful oper-
ation of the gantry. As with the transport locomo-
tives, the control system design for the
emplacement gantry is based on a dual-redundant
fault-tolerant programmable logic controller-based
control configuration. The redundant programma-
ble logic controllers also employ an input/output
voting strategy. Software systems will be designed
to enhance overall reliability by providing system




Y
¥y
—
-
-
=
—
-~
~
—
-
-
—
e
—
—
)
—_
-
~
-
-~
-
—
-
-
~
~
o
~~—
W
—
-
—
=
—
-—
—
_—
—
=
S
!
_
.
e
e
W
—
—~
£
-
-~
C—
-
—
-
~
—_

3

Volume

wiBIsAg [0juoD pieog-uQ ajoIyap wuswaoeidwy /- 8inbiy

IS = IS ‘1opaad Ayea = g7

Jamod JOTIA AIRI[IXNY

ov] [

swaysAg Areijixny » Lofes

[onuo)) 29 SULIOIUO
WISAS uonNNqLISI(] 19mod

7 dmyoig

1eg J01ONpuo))

| |

wsAS SULIOIIUOJY [e2130[0IpEY

[ STWRSAT SUI00 ) SAIOY |

_ SIOSUAS IDIYAA _ —r.:}:vf. “UOdl ,,_,_;__

wsAg [onuo) 2 8 JIUOJA] [BULISY |

— wsAg Amuig _

WANSAS Surjelg [o1yaA

IOAY UOIS

) || Novise

[Fursuag uwonisog | [ N o171 suun | D 10101 |
WAISAS UOHOWOI0T DY A

X1
SO1d
[onuos)

¢ WS/

7 # WAsAS

L #

UOLEDIUNIIO )

C®1
siomduwo)

[onuon)

229

[ONUOT) 2[INY2 A,

U0 5200y WIAISAY

TEIYAN
10.10)) pivOog-u()

a1o1ya A Judwav)dutsy

4-101




Viability Assessment of a Repository at Yucca Mountain

DOE/RW-0508/V2

checks, monitoring system status, and reporting
performance trends. Design strategies, such as
using diverse technologies, physically separating
redundant components, and providing backup
power and communication systems, will be imple-
mented to ensure safe, fault-tolerant operation.

The emplacement gantry's control system will be
equipped with visual, thermal, and radiological
sensors and instrumentation. These instruments
will provide system operators at the remote control
console with real-time feedback about the operat-
ing environment and vehicle performance. The
vision system will consist of several on-board,
radiation-tolerant articulated camera and lighting
systems. The on-board thermal monitoring and
control system will monitor the internal operating
temperatures of the gantry and alert remote opera-
tors if temperatures begin to approach predefined
operational limits. This system will also provide
detailed graphical thermal profiles of conditions
inside the emplacement drift. The on-board radio-
logical monitoring system will continuously moni-
tor the air for trace radionuclide gases that would
indicate that a waste package had breached. The
radiological monitoring system will also record
cumulative dose radiation exposure of on-board
electronics and other radiation-sensitive compo-
nents. The on-board control system will alert oper-
ators of a malfunction or impending malfunction of
sensors and instrumentation, allowing the gantry to
be safely removed from the emplacement drift for
troubleshooting and repair (CRWMS M&O 1997,
pp. 30-42).

Figures 4-48a and 4-48b depict a preliminary pro-
cess and instrumentation diagram for the emplace-
ment gantry. These diagrams identify electrical
and software interfaces for all currently envisioned
on-board instrumentation and control systems.
Along with Figures 4-49 and 4-50, they show the
level of detail developed for the VA emplacement
gantry design. In the Emplacement System Control
and Communication Analysis and the Subsurface
Waste Package Handling - Remote Control and
Data Communications Analysis, similar levels of
design detail have been developed for the transport
locomotives, waste package transporter, and the
emplacement gantry carrier, as well as for the sta-

tionary control systems described in this section
(CRWMS M&O 1997 and 1997ai).

Stationary Control Systems for Waste Emplace-
ment. Stationary emplacement systems are the
non-mobile waste transport and emplacement sys-
tems such as the emplacement drift isolation doors
and the rail switches (Figure 4-46).

The emplacement drift isolation doors at the
entrance of each emplacement drift must open and
close each time access to the drift are required.
The door assembly will be equipped with sensors
and instrumentation that detect whether the door is
open or closed and transmit this information to a
remote monitoring station. As discussed in the
Emplacement System Control and Communication
Analysis, door position feedback can be provided
using conventional mechanical limit switches,
which can be configured to be redundant and
fault-tolerant (CRWMS M&O 1997j, pp. 15-25).

A rotating beacon and auditory alarm system will
be installed at the entrance of each emplacement
drift. Before the doors open, the alarm horn will
sound to warn personnel to vacate the immediate
area. To ensure worker safety, the isolation door
control system is also designed with local lock-out
capability to prevent the remote operation of the
door during maintenance or other activities near
the doors. All of the operational inputs and outputs
of an isolation door, including limit switches, actu-
ators, auditory and visual alarm systems, will be
connected to a programmable logic control-
ler-based control node located in a junction box
mounted on the drift wall near the isolation door.
This approach will standardize and simplify com-
ponent installation and wiring for each door. The
door control system is designed to operate from a
remote control console and to permit local control
by personnel during maintenance operations. The
doors will also be equipped with an emergency
manual override capability.

As described in Section 4.2.3, the waste packages
will be transported from the surface facilities to the
emplacement drifts using a rail system. The rail
switch control system network consists of a series
of remotely monitored and controlled electrical
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Figure 4-48b. Emplacement Gantry Control and Communication Piping and Instrumentation Diagram (Continued)
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switching devices to activate the rail switches and
divert the rolling stock. The capability for local
control and actuation by personnel near the loca-
tion of the switch, as well as a means for manual
operation, are provided. A programmable logic
controller-based circuit switch controller will elec-
trically detect the position of the rail switch. The
system will be equipped also with traffic lights and
rail position indicators to alert the locomotive oper-
ators to the status of each rail switch (CRWMS
M&O 1997}, pp. 26-28, CRWMS M&O 1997ai,
pp. 15-18).
4.2.5.2 Emplacement System Data
Communications Network

Subsurface repository instrumentation and control
systems consist primarily of digitally based sys-
tems. These systems facilitate establishment of
local area networks similar to those used in modern
industrial facilities to provide plant-wide supervi-
sory control and data acquisition capabilities
(CRWMS M&O 1997j, pp. 54-61).

Data communication will provide for the monitor-
ing and control and for the collection and dissemi-
nation of information throughout the subsurface
repository. The data highways will also provide
connection between operational control facilities
located at the surface and digital monitoring and
control systems in the subsurface.

Current design concepts call for the subsurface
data communication highway to be based on a mul-
tiple-redundant  fiber-optic  backbone. The
fiber-optic backbone will run throughout the sub-
surface main drifts. Devices such as monitoring
instrumentation, control programmable logic con-
trollers, computer workstations, and radio-fre-
quency modems will be connected to the
fiber-optic backbone.

The importance of the communication system has
led to the development of architectures for data
highway communication networks (Preckshot
1993). Several network configurations have been
considered including star, bus, and ring configura-
tions. The star configuration configures the net-

work so that all devices interconnect through a
series of central nodes, similar to a telephone
switchboard. The bus configuration is configured
in one long trunk onto which smaller branches are
used to interconnect each station to the data high-
way. In the token-passing ring-based configura-
tion, communicating devices are connected
directly to a data highway forming a closed ring.
Ring configurations are typically used in high-end
computer networks and are inherently fault-toler-
ant. Current VA design concepts envision the use
of a mixture of configurations; however, design
work in this area is ongoing (see Section 3.2.1.5 of
Volume 4).

The design and development of fault-tolerant,
fail-safe local area networks and supervisory con-
trol and data acquisition networks has been accom-
plished in safety-related industries and are of
importance to the successful design of the subsur-
face repository. Typical design strategies address
issues such as the use of multiple-redundant data
highways, real-time deterministic systems verses
non-deterministic systems, and avoidance of com-
mon mode failures.

Initial estimates of the overall size and complexity
of the monitoring and control system for the waste
emplacement system indicate that there are approx-
imately 6,000 data points associated with the moni-
toring and control of emplacement-related systems.
Emplacement-related systems include the emplace-
ment drift isolation doors, rail switches, and mobile
equipment such as the emplacement gantry and
transport locomotives (CRWMS M&O 1997i,
pp. 62-63). This indicates that development of a
reliable data communication system should be
achievable using available commercial data com-
munication technologies and practices.

In addition to the data communications systems,
personnel working underground will use voice
communications system to communicate within the
subsurface facility and with surface facility person-
nel. The voice communication systems design,
including a telephone system, a radio system, and a
public announcement system, is currently under
development.
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4253 Monitoring and Control Systems for
Performance Confirmation
Performance confirmation is defined in

10 CFR 60.2 as “the program of tests, experiments,
and analysis which is conducted to evaluate the
accuracy and adequacy of the information used to
determine with reasonable assurance that the per-
formance objectives for the period after permanent
closure will be met.” Subpart F of 10 CFR 60 pro-
vides general requirements for a performance con-
firmation program, as well as more specific
requirements related to confirmation of geotechni-
cal and design parameters, design testing, and
monitoring and testing of waste packages.

The objectives of the performance confirmation
program (CRWMS M&O 1997s) are to:

* Confirm that subsurface conditions encoun-
tered and any changes in those conditions
during construction and waste emplacement
operations are within the limits provided
during the licensing process.

Confirm that the natural and engineered
systems and components that are required
for repository operations, or are assumed to
operate as barriers after permanent closure,
function as intended and as anticipated
(10 CFR 60.140). These systems and
components specifically include the waste
package, emplacement drift  backfill
(if used), and borehole seals.

* Evaluate compliance with regulatory and
licensing requirements related to postclosure
performance.

* Evaluate the repository's readiness for

permanent closure.

Performance Confirmation Parameters to be
Monitored. To achieve the objectives of the per-
formance confirmation program, the performance
confirmation data acquisition system will collect
data and information partially represented by the
following list:

* Air temperature and relative humidity in the
emplacement drifts

* Type and amount of radioactive gases
emanating from the emplacement drifts (the
system will identify the specific drift that is
the source of any radioactive gases)

The condition of the waste packages and the
emplacement drifts

* Placement and recovery of test coupons of
sample materials in the emplacement drifts

Groundwater flow into the emplacement
drifts ‘and evidence of standing water
accumulating in the emplacement drifts

* Air permeability, in situ stress, and defor-
mation and displacement of the rocks around
the emplacement drifts

Soil and rock temperature around the repos-
itory

Moisture content, vapor content and
humidity, fluid temperature, and air pressure
in the altered zone

Performance Confirmation Data Acquisition
Strategy. The performance confirmation data
acquisition strategy will involve the following
types and methods of collecting information:

* Geologic sampling and mapping

* Alcove-based testing in the non-emplace-
ment area

¢ Borehole instruments in the altered zone
* Ventilation exhaust air monitoring

* Remote inspection systems
within emplacement drifts

deployment

* Possible recovery of waste packages for
testing
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Confirming the repository performance involves
the integration of information from several diverse
systems (Figure 4-49). This section addresses sub-
surface monitoring and control systems associated
with the following:

» Ventilation exhaust air monitoring
» Remote in-drift inspection systems

« Repository monitoring from performance
confirmation, non-emplacement observation
drifts

Further information on other aspects of the perfor-
mance confirmation data acquisition strategy is
provided in the Performance Confirmation Plan
(CRWMS M&O 1997s) and the Performance
Confirmation Data Acquisition Plan (CRWMS
M&O 1997r).

Exhaust Air Monitoring. The exhaust air moni-
toring instrumentation and data acquisition systems
are designed to monitor radiation levels, tempera-
ture, and humidity within the ventilation system.
These instruments and control systems will be
located in the exhaust main and will provide peri-
odic sampling of the exhaust air for each emplace-
ment drift.

As indicated in Figure 4-49, the system hardware
consists of a controller board, input/output card
racks, input/output cards, and cables that connect
the input/output card racks to the controller board.
The temperature, humidity, and radiation sensors
will be wired to the input/output cards that are con-
nected to controller boards.

The controller board then will interface with higher
level computer equipment that displays, trends,
alarms, and stores the data. Controller boards are
usually limited in the number of input/output racks
they can support and the distances over which they
can accurately collect data. Therefore, control
nodes will be located at periodic intervals along the
length of the exhaust main drift (CRWMS M&O
1997r, pp. 33-46).

Remote Inspection Systems. Preliminary VA
design concepts call for suspending active cooling
of individual emplacement drifts after each drift is
filled with waste packages. Preliminary estimates
indicate that the thermal environment inside the
drifts may eventually rise above 160°C (320°F).
The thermal and radiological conditions inside the
emplacement drifts will prohibit direct access to
the emplacement drifts by personnel for the dura-
tion of the monitoring phase.

A remotely controlled inspection vehicle will be
deployed to monitor conditions inside the emplace-
ment drifts for limited periods of time. This
remote inspection vehicle, shown in Figure 4-50,
will be capable of performing visual, thermal, and
radiological inspections. It will also deposit and
recover sample materials (test coupons) and
recover dust samples (CRWMS M&O 1997r,
pp. 47-82). The inspection vehicle will survey and
monitor the conditions of the waste packages, drift
lining, invert, support assembly, and other in-drift
structures.

The on-board control system architecture is config-
ured similar to that of the waste emplacement gan-
try (see Section 4.2.5.1 and Figure 4-47). Remote
communication with the remote inspection vehicle
will use the same systems used for communicating
with the emplacement gantry: a distributed antenna
system and either leaky-feeder or slotted micro-
wave wave-guide technologies. Power for the
remote inspection system will be supplied by the
same third-rail, or conductor bar, system used by
the waste emplacement gantry.

As shown in Figure 4-50, preliminary design for
the remote inspection vehicle incorporates vision
systems, thermal monitoring instruments, radiolog-
ical monitoring instruments, air and gas sensing
instruments, and remote manipulator systems. All
of these vehicle systems are designed to operate
reliably in the high-temperature high-radiation
environment anticipated inside the emplacement
drifts.

Initial thermal analyses indicate that it is techno-
logically feasible to develop a remotely operated
inspection vehicle that can operate in the high heat
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of the emplacement drift for up to 3 or 4 hours.
After completing an assigned task, the remote
inspection vehicle will be removed from the
emplacement drift, allowed to cool, and prepared
for the next task. All maintenance and servicing
related to the remote inspection system will be per-
formed either in human-rated areas in the subsur-
face or at a maintenance area on the surface.

Operators at a remote control console will control
the inspection vehicle. These operators will be
able to initiate operational commands via a graph-
ical user interface and will be able to receive
real-time visual and performance feedback from
the vehicle. This will include position, speed,
acceleration, braking status, internal and external
temperatures and radiation levels, power usage,
and status of auxiliary systems. Human operators
will be in direct control of the inspection vehicle at
all times and will be provided with direct, fail-safe,
emergency shutdown capabilities. The control
computers will continuously monitor every aspect
of equipment operation and performance and will
provide early warning signals and/or alarms to alert
the operators if any parameter approaches
predefined operational limits.

Performance Confirmation Drift (Observation
Drift) Monitoring. The performance confirma-
tion system includes monitoring and gathering data
from borehole instrumentation within performance
confirmation drifts or along the perimeter mains.
Performance confirmation drifts will be con-
structed about 15 m (50 ft) above the emplacement
drifts (as described in Section 4.2.1.2). Boreholes
will be drilled from the performance confirmation
drifts to approach the rock mass near the emplace-
ment drifts.  Selected instrumentation will be
installed in the boreholes to gather data from the
altered zone. Data acquisition hardware installed
in the performance confirmation drift alcoves will
transmit the data to the surface. As discussed in
Performance Confirmation Data Acquisition Sys-
tem, instrumentation also will be installed in the
test alcoves in the perimeter mains and in the
cross-block drifts to gather data from the rock mass
that lies between the waste packages and the satu-
rated zone (CRWMS M&O 1997r, pp. 82-94).

Table 4-3 lists parameters to be monitored from the
boreholes drilled in the performance confirmation
drifts and test alcoves. These parameters do not
represent a complete or final list; however, they are
representative of the thermal, mechanical, hydro-
logical, and chemical characteristics to be moni-
tored for performance confirmation. "For each
parameter, an instrument type is given to illustrate
a reasonable measurement approach. The range of
the actual readings has not been established for
specific instruments. However, if a typical instru-
ment is known, it is listed. For these typical instru-
ments, the stated operating range and output are
given to provide information supporting data
acquisition system planning. In many cases, where
a typical instrument is cited, some modification or
new development may be necessary to fulfill the
objectives of performance confirmation monitor-
ing. For example, system designers must consider
longevity requirements and whether an instrument
needs to be replaceable or should instead be
designed as a probe rather than as a permanent
installation.

Operating temperatures (rock and air temperatures)
are expected to be the most important constraint on
any instrumentation installed near the emplace-
ment drifts. For example, temperatures of the rock
mass may range from ambient to an allowable
upper limit of 200°C (392°F). Performance confir-
mation drift air temperatures may range from
ambient to an allowable limit of 50°C (122°F)
(dry bulb).

This information and numerical values are prelimi-
nary, and are meant only to show examples of typi-
cal existing instrumentation and do not necessarily
match the design needs for a given installation.
4.2.54 Additional Subsurface Monitoring
and Control Systems

Ongoing design work is focused on development
of the overall repository-wide integrated control
system. Design strategies are being developed to
address hardware and software issues related - to
using modern digital instrumentation and controls
(see Section 3.2.1.10 of Volume 4).

4-111




Viability Assessment of a Repository at Yucca Mountain

DOE/RW-0508/V2

Table 4-3. Typical Instruments for Observation Drift and Borehole Monitoring

Example
Example Instrument/ Temperature
Parameter Location Instrument Type Manufacturer Range
Strain/stress change at Borehole Vibrating wire stress meter Geokon -30 to 65°C
a point
Rock mass Borehole MPBX (multi-point borehole Geokon -20 to 80°C
displacement extensometer)
Deflectometer / In-place Incli- | Geokon -20 to 50°C
nometer
Air temperature (dry Performance Humidity sensor Vaisala HMP 235 -40 to 180°C
and wet bulb) confirmation drift
Rock temperature Borehole Thermocouple Pyromation Type K -270 to 1372°C
Watlow Gordon 4-wire
RTD -200 to 650°C
Rapid Evaluation of K and UNR 0 to 260°C
Alpha-Thermal Probes
(REKA)
Rock moisture Borehole Humidity sensor Vaisala HMP 235 -40 to 180°C
Neutron logging Century Geophysical up to 105°C
ERT (electrical resistivity Advanced Geosciences up to 150°C
tomography)
Relative humidity/dry Performance Humidity sensor Vaisala HMP 235 -40 to 180°C
bulb air temperature confirmation drift
Rock pore air pressure Borehole Air-K testing with packer SEAMIST system with up to 160°C
system pressure transducer
Water chemistry/miner- | Borehole Borehole chemical sensor SEAMIST system with up to 160°C
alogic changes and fluid sampling chemical sensors

Design work to evaluate the needs and functional-
ity of a central monitoring and control facility has
begun. This centralized command and control
facility may be used for monitoring and controlling
subsurface repository systems and status including
the ventilation system, radiological monitoring
systems, and the status of fire protection systems.
This central control facility may also house the
remote control consoles for waste emplacement
and performance confirmation activities. In addi-
tion, it can provide a centralized location for moni-
toring the location of all personnel working in the
subsurface and for accessing subsurface transporta-
tion systems, safety and security systems, and
closed-circuit television systems. High-level mon-
itoring and control of subsurface utility systems
such as electrical power, water distribution, com-
pressed air, and lighting systems may also be per-
formed at a centralized control facility.

The central command and control facility may also
provide integration and coordination for emer-
gency response operations and access to subsurface
repository communication systems including
phones, wireless and mobile phones, two-way
radios, public address and paging systems, and
auditory alarm systems.

4.2.6 Utility Systems

The utilities needed for repository subsurface oper-
ations are similar to those used in the Exploratory
Studies Facility. They include the following:

¢ Water System

¢ Electrical System

» Compressed Air System
* Communications System

The utilities for construction and development
operations will be removed as these operations are
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completed. The utilities for emplacement opera-
tions will remain throughout the operating life of
the repository. Repository openings will be sized
to accommodate installation and maintenance of
utilities without interfering with other activities.
As discussed in the Repository Subsurface Layout
Configuration Analysis, the utility requirements for
each phase of operations will be determined in the
future (CRWMS M&O 1997ab, Section 7.1.10).
Future work will address the required utility sys-
tems as discussed in Section 3.2.1.9 of Volume 4.

Each side of the main drift isolation barriers will
have utilities for specific functions. These utilities
may include supply and wastewater pipelines, a
compressed air pipeline, electrical cable(s), and
monitoring and control cables.

Currently, there is no plan to extend electrical
cables, pipelines, and ventilation ducts through the
isolation barriers. Utilities may terminate at or
near the isolation barriers on either side. If any
utilities are passed through the barriers, transition
connections will be provided in the barrier-cover-
ing panels or cast-in-concrete barriers, as discussed
in  Subsurface Ventilation Isolation Barriers,

(CRWMS M&O 1997ah, Section 7.2.3).
Underground construction and development activi-
ties at the repository require both potable water (for
drinking) and nonpotable water. Nonpotable water
will be used for the following activities:
* Rock excavation equipment
* Washing walls for geologic mapping and
before placing concrete segments and
cast-in-place lining

* Dust suppression

* Fire suppression

The development shaft and the emplacement shaft
construction activities will require nonpotable
water for the following:

* Raise borer
¢ Shaft down reamer

* Placement of the concrete lining

Emplacement operations will also require potable
water for drinking and nonpotable water for opera-
tions and fire suppression. The quantities of water
required for these activities have not been deter-
mined.

It is anticipated that the existing Well J-13 and its
associated pumps have adequate capacity for
repository construction and operational water
needs. Additional tanks, booster pumps, and pipe-
lines may be required to accommodate increased
construction or emplacement activities and storage
needs. Well J-12 and C-Well can provide standby
capacity to cover maintenance and emergency con-
ditions at Well J-13.

4.277 Waste Retrieval System

Information contained in this section discusses
aspects of the NRC Key Technical Issue on Repos-
itory Design and Thermal-Mechanical Effects
(NRC 1997c). A description of the key technical
issue is located in Section 4.3.3.6 of Volume 4.
The stability of the underground excavations and
the thermal effects were a consideration in the
development reference design of the waste
retrieval system. DOE is in the process of testing
the materials of the ground control systems
discussed in Section 4.2.2.2 under a variety of
thermal conditions and will continue to consider
these aspects as the design matures as described in
Section 3.2.1.6 of Volume 4.

While 10 CFR 60 requires that the emplaced waste
packages be retrievable for 50 years from the time
that emplacement operations begin, DOE has taken
a conservative approach and extended the duration
to 100 years, as discussed in Section 3.1.4. Except
where otherwise noted, the description of the waste
retrieval system presented below is based on the
Retrievability ~ Strategy  Report  (CRWMS
M&O 1997ad). This section describes how the
waste packages will be retrieved under normal and
off-normal conditions. Normal conditions are
those conditions that are expected: the drift and rail
system are intact, and communications and power
systems are operational. Off-normal conditions are
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those in which these expected conditions™ are not
met. Removing emplaced waste packages for
other purposes, such as performance confirmation
inspection, redistribution of inventory for ventila-
tion purposes, relocation or transport to another
area of the repository (surface or underground), is
an operations function and is not considered
retrieval, nor is it governed by any regulations or
requirements for retrieval.

The VA reference design includes seven retrieval
scenarios. These seven scenarios were developed
in accordance with the requirements of the Nuclear
Waste Policy Act, as amended, and 10 CFR 60.
The following considerations were used to create
each scenario:

« Reason for retrieval

* Retrieval conditions

» Whether full or partial retrieval is required

* Disposition of retrieved waste
4.2.7.1 Retrieval Scenarios
Table 4-4 summarizes the seven retrieval scenar-
ios. Locating the repository host horizon above the
water table in the unsaturated zone facilitates waste
retrieval operations. This table shows three rea-
sons for full retrieval (total system performance
failure), as well as the four reasons for partial
retrieval (poor waste package performance, unsuit-
able localized areas limiting emplacement, and
resource recovery). Total system performance fail-
ure means that the system is still intact (emplace-
ment drift ground support, drift infrastructure, and
waste packages), but for some reason, imminent
failure of the system is anticipated. Retrieval con-
ditions (normal or off-normal) are also identified.
Each of the seven scenarios is accompanied by
remarks about the critical aspects of retrieval for
that particular scenario based on the Retrievability
Strategy Report (CRWMS M&O 1997ad, Section
7.7); and Waste Package Retrieval Equipment
(CRWMS M&O 1997ar, Section 7.2).

Each scenario was evaluated to estimate the
amount of time required to retrieve the waste pack-
ages. For the full retrieval scenarios, an estimated
7-12 years would be required to retrieve the waste.

The costs associated with full retrieval are not
included in the VA cost estimate in Volume 5.
4.2.7.2 Retrieval Strategy

10 CFR 60.111(b) requires that waste be retrieved
from a drift in about the same amount of time as it
took to emplace the waste. Final determination of
the equipment and procedures to be used will con-
tinue to be evaluated as the design for the under-
ground facility matures. This will allow the actual
conditions to dictate the retrieval strategy.
Retrieval strategy is also influenced by the method
used to emplace the waste.

To establish an acceptable level of confidence that
retrieval is possible, proof-of-principle demonstra-
tions will be completed and documented before the
license is issued to receive and possess waste.
A test and evaluation analysis will identify those
components for which supplier data cannot demon-
strate performance adequately. These components
will then be tested to provide reasonable assurance
that the planned retrieval method will function
under off-normal conditions.

For the VA design, the requirement for
proof-of-principle data and tests will be addressed
by analyses and logic to demonstrate that waste
packages can be accessed and moved during repos-
itory operations. No retrieval demonstration is
required. The draft Civilian Radioactive Waste
Management Program Plan (DOE 1994) modified
DOE’s position on development of the Monitored
Geologic Repository to be consistent with congres-
sional budget direction and restated the require-
ment for proof-of-principle before LA. This
document states, “the License Application design
will describe designs in enough detail to demon-
strate operating safety and enable compliance
reviews by the Nuclear Regulatory Commission.”
This design adequacy can be demonstrated in sev-
eral ways for the VA. Proof-of-principle testing
can be deferred until after the LA has been
submitted.

The Monitored Geologic Repository will accom-
modate retrieval or movement of waste packages
emplaced at either end of an emplacement drift.




Preliminary Design Concept for the Repository and Waste Package

Volume 2

" Table 4-4. Summary of Retrieval Scenarios

Public health & safety

(total system perfor-
mance failure)

Normal

Full retrieval

Normal retrieval methods will be used.

Resource recovery Normal

Partial retrieval

Involves retrieval of only the waste packages
containing valuable fissile material. Retrieving
waste packages concurrently with
emplacement increases demands on the
ventilation system. Operations under this
scenario will be scheduled to allow the drift to
cool during the retrieval and emplacement
process.

Public health & safety

(poor waste package
performance)

Off-normal
(mechanical
breach-radiation
release)

Partial retrieval

All of the solutions to off-normal retrieval
problems depend on whether at least one hole
in the waste package skirt is accessible for
attaching retrieval equipment, and whether the
structural integrity of waste package will allow
it to be pulled onto a slightly inclined plane.
Damage to a waste package that makes the
holes inaccessible, or that prevents the
container from being dragged, is not antici-
pated.

Public health & safety
(limited emplacement
area unsuitable)

Off-normal (water
inflow-limited
area)

Partial retrieval
(more than 120
waste
packages)

Although the presence of water in the
emplacement drift would be considered
off-normal, any amount of water that might
enter is expected to be minimal and would not
preclude the use of normal retrieval methods.

Public health & safety
{(poor waste package
performance)

Off-normal
(exceeds
expected
emplacement drift
temperatures)

Partial retrieval

Debris plugging the main drift or emplacement
drift would be removed to restore ventilation.
If that option fails, an alternate drift could be
mined around the plug so that air flow could be
restored.

Public health & safety
(total system
performance failure)

Off-normal
(rockfall)

Full retrieval

If rockfall occurs in several areas, the scenario
assumes that each rockfall can be handled as
a localized event, and that there is no
cumuiative impact from several events that
requires a separate scenario. The collapse of
a very large area is considered improbable
and is not included in this scenario.

Public health & safety
(total system
performance failure)

Off-normal
(backfill)

Full retrieval

Retrieval is a preclosure activity. Backfilling, if
done, would be a closure activity. As such,
retrieval will not occur after backlilling.

Source: Waste Package Retrieval Equipment, Table 7.2.2.1 (CRWMS M&O 1997ar)

The VA design includes a rail system that extends
the full length of the emplacement drift, from the
east main to the west main drift. With this layout,
emplacement equipment will be able to access the
waste packages from either main drift. This capa-
bility enhances flexibility both in accessing waste
packages for repository operations and in retriev-
ing the waste packages under off-normal condi-

tions, such as a rockfall. If a rockfall occurs or
tracks are damaged, emplacement equipment (such
as the emplacement gantry) will be able to access
waste packages from the opposite main drift. After
the damaged area has been repaired by specialized
equipment, emplacement equipment can again use
either main drift if the track is undamaged beyond
the repair area.
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The ventilation system will be capable of cooling
one emplacement drift from a maximum of 200°C
(392°F) to a maximum of 50°C (122°F) within
30 days. The maximum temperatures cited are for
the temperature of the air as it enters the emplace-
ment exhaust shaft. The ground control system,
described in Section 4.2.2, is designed to support
this rate of cooling.

A temporary storage facility capable of storing all
of the emplaced waste planned for the repository
will be sized and located on a plot plan before sub-
mitting the LA. Further evaluation of this site will
be completed before issuance of the license to
receive and possess waste. This site will be
reserved throughout the preclosure period through
repository closure. Design and construction of this
facility will be deferred until it is needed to support
retrieval.

Normal Retrieval Process and
Equipment

4.2.7.3

The normal retrieval process, summarized in this
section, is described in detail in the Waste Package
Retrieval Equipment (CRWMS M&O 1997ar).
Under normal conditions, the retrieval process is
similar to the emplacement process with the steps
involved for emplacement being carried out in
reverse.

Emplacement Drift Preparation. Emplaced
waste packages will cause the temperature within
the emplacement drifts to rise. For retrieval, the
drifts will be cooled. The main drifts will be venti-
lated throughout the preclosure period and air flow
will be available throughout the retrieval period.
The amount of time required to cool the drift will
depend on how long the waste packages have been
in place, the thermal load, the air flow rate applied
to the drift, and the air intake temperature at the
drift.

Air temperature will be measured until the air exit-
ing the emplacement drift is at or below
50°C (122°F). After cooling, the remote controlled
inspection vehicle, described in Section 4.2.5.3,
will be used to inspect the emplacement drift to
confirm that no debris obstructs retrieval equip-

ment. Safety and health criteria require that a radi-
ation survey be conducted to determine the level of
airborne and direct radiation before retrieving the
waste. This survey will identify potential hazards,
provide data to estimate exposures, and permit the
selection of proper protective equipment.

Any emplacement equipment that has been moth-
balled will be returned to working order.

Removing and Transporting Waste Packages.
After the emplacement drift has been prepared,
retrieval equipment will remove the waste pack-
ages from the emplacement drift and transport
them to the surface. Under normal conditions, the
equipment used to emplace the waste packages
(Section 4.2.3) will also be used to retrieve the
waste packages. The general steps required to
remove the waste packages from the emplacement
drift include the following:

e The gantry carrier will transport the
emplacement gantry to the emplacement
drift where the emplacement gantry will be
unloaded.

e The emplacement gantry will move the
waste package from the emplacement drift to
the transfer dock area.

The transporter doors and the emplacement
drift isolation doors will be opened, the
primary locomotive will position the waste
package transporter at the transfer dock on
the main drift side, the reusable railcar will
be extended from the transporter, and the
waste package will be loaded onto the
reusable railcar.

» The loaded reusable railcar will be retracted
into the transporter, the loaded waste
package transporter will be moved away
from the transfer dock, and the transporter
and isolation doors will be closed.

The primary and secondary locomotives will
transport the loaded waste package trans-
porter to the surface, where the waste
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package is unloaded and the transporter
checked for contamination.

 If additional waste packages are to be
removed, the waste package removal steps
will be repeated.

* The gantry carrier will remove the
emplacement gantry crane from the
emplacement drift.

4.2.7.4 Off-Normal Retrieval Process and

Equipment

The retrieval process for off-normal conditions,

summarized in this section, is described in detail in

Waste Package Retrieval Equipment (CRWMS
M&O 1997ar). Special equipment will be used
when necessary, although existing operational
emplacement equipment may be used for retrieval
under off-normal conditions. For example,
retrieval equipment for off-normal conditions
could be used to clean up a rockfall, while
emplacement equipment could be used to recover
the waste package. The retrieval process for
off-normal conditions is based on the following
assumptions:

» When a waste package is damaged, at least
ore hole in the waste package skirt will be
accessible (see Section 5.1.2.1).

The waste package can be dragged onto
retrieval equipment using one hole in the
skirt.

If a waste package is breached, the venti-
lation system will carry any contamination
downstream, limiting the area of contami-
nation.

If the waste package transporter is not used,
the retrieval equipment for off-normal condi-
tions will transport the waste package to a
predetermined facility on the surface to
unload the waste package.

Off-Normal Retrieval Process and Conditions.
There will be two levels of response to an event

requiring off-normal retrieval. The first level will
include initial measures required to protect person-
nel in the repository and the general public.
Actions will be taken to control radioactive materi-
als and permit prompt suspension of operations.

The second level of response will consist of the fol-
lowing six steps required to remove the waste
packages affected:

* Conduct a radiological survey to determine
the radiation, airborne contamination, and
contamination on repository surfaces. The
data collected will be used to develop a
retrieval plan for the specific event, using the
generic retrieval processes for off-normal
conditions that were established before
licensing.

Establish access controls at the limits of
contamination.

* Confine contamination. The confinement
system installed in the subsurface repository
will limit the spread of radioactive materials
within unoccupied areas and prevent or limit
the spread of contamination to the occupied
areas. If a waste package has been breached,
either the hole will be plugged or the waste
package covered, if possible, to control
further spread of contamination. If plugging
or covering is not possible, the ventilation
system will control radioactive effluents by
providing continuous air flow from uncon-
taminated areas to potentially contaminated
areas. Bulkheads with high-efficiency
particulate air filters will be used to control
and limit the spread of contamination.

Collect additional data required to determine
the non-radiological conditions and hazards,
including a visual survey if possible.

* Develop a retrieval plan for the specific
off-normal conditions encountered.

Provide specialized equipment necessary
and implement the off-normal retrieval plan.
The plan will include ongoing measurements
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of radiological contamination and appro-
priate decontamination procedures.

These steps will not necessarily be performed in
the order shown. For example, during the visual
survey, it may be necessary to collect additional
radiological data. The entire process of retrieval
under off-normal conditions will be monitored by
the subsurface performance confirmation monitor-
ing equipment and the operations monitoring sys-
tems. Additional monitoring systems may be
required, depending on conditions in the retrieval
areas.

Retrieval under off-normal conditions may be cre-
ated by events described in the Preliminary MGDS
Hazards Analysis (CRWMS M&O 1996d) or con-
ditions created by deterioration of repository sys-
tems during the preclosure period. These events
will be classified based upon location of the waste
package, the presence or absence of radiation
shielding for personnel protection, and the pres-
ence or absence of a breach in the waste package.
The location and condition of the waste package

will dictate the type of equipment required for
off-normal retrieval.

Classification of Events Caused by Deteriora-
tion. Systems that cannot be maintained will be
susceptible to failure caused by deterioration. The
systems left in the emplacement drifts with the
waste packages may, over time, deteriorate beyond
usage. These systems include the transportation
rails, the power system for emplacement and
retrieval equipment, the communications system,
the ground control system, the waste package sup-
port assembly, and the inverts. Retrieval equip-
ment to be used in the emplacement drifts during
off-normal conditions will have the following
assumed operating restraints:

* Because rail systems may be unusable,
off-normal retrieval equipment will be
primarily wheel- or crawler-based steerable
vehicles. The emplacement drift concrete or
steel inverts will provide an even surface on
which the retrieval equipment can operate.

* Because alignment normally provided by the
waste package supports may no longer be
present, retrieval equipment must be capable
of accessing the drift areas from side to side
while being maneuverable enough to square
up with the waste package, regardless of its
configuration.

Because the emplacement system power
source may not be available, even if the
power source is operational, a short
extension tether, or umbilical, will be
required to allow the third-rail power system
to operate with the wheeled or tracked
equipment.

The retrieval equipment may be controlled
from a system other than the emplacement
drift data communications system, if that
system is damaged.

The equipment and process employed must be
practical for retrieving many waste packages over
the time that it takes to correct any deficiency in
the emplacement drifts, such as shielding the waste
packages during transport to the surface.

Description of Off-Normal Retrieval Equip-
ment. The types of equipment selected to perform
off-normal retrieval will be based on the particular
capabilities of the equipment. Some equipment
will be standard, such as the heavy-duty forklift;
some equipment will be custom-designed for spe-
cific functions, such as the inclined plane hauler.
An extensive discussion on the types of events,
condition and location of the waste package, and
the equipment needed for the off-normal retrieval
is contained in the Waste Package Retrieval Equip-
ment (CRWMS M&O 1997ar, Section 7.2.4).

4.3 CLOSURE AND DECOMMISSIONING

The closure phase will begin after NRC amends the
license to authorize closure of the repository. The
closure phase is expected to span about 6 years,
and may begin as early as the year 2110. The post-
closure repository area will conform to the plans
approved by NRC as part of the license amendment
for permanent closure. Information contained in
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this section discusses aspects of the design and
long-term contribution of repository seals in meet-
ing the postclosure performance objectives as part
of the NRC Key Technical Issue on the Repository
Design and  Thermal-Mechanical  Effects
(NRC 1997¢). A description of the key technical
issues is located in Section 4.3.3.6 of Volume 4.
As noted in the following discussion, there has
been scme preliminary work performed on the
design of the location and material section of the
seals. As discussed in Mined Geologic Disposal
System Concept of Operations, permanent closure
of the repository will include closing the subsur-
face facilities, decontaminating and decommission-
ing the surface facilities, reclaiming the site, and
establishing institutional barriers (CRWMS M&O
19970, Section 3.4). The activities that will be
involved are summarized in the following list:

* Closing the underground openings will
include final backfilling of the boreholes and
open operational areas within the under-
ground facility that remain after waste
emplacement has been completed. Closure
operations will include removing under-
ground equipment, backfilling underground
openings, and sealing boreholes, shafts, and
ramps.

Decommissioning surface facilities will
include permanently removing surface facil-
ities and components that were necessary for
preclosure operations. These facilities will
be removed only after repository closure, in
accordance with regulatory requirements and
environmental policies. Decommissioning
will include facility decontamination,
dismantlement, and removal.

* Reclaiming the site will include actions
taken to restore the site, to the extent
possible, to its original preconstruction
condition.

 Establishing institutional barriers  will
involve implementing active and passive
institutional controls to restrict access to, and
avoid disturbing, the controlled area. The
institutional controls will limit or prevent

intentional and unintentional activities in and
around the closed repository.

A Review of the Available Technologies for Sealing
a Potential Underground Nuclear Waste Reposi-
tory at Yucca Mountain, Nevada (SNL 1994), was
conducted to determine whether or not the shafts,
drifts, and boreholes could be closed using existing
technology and material. The scope of the study
included reviewing selected backfill and sealing
case histories. The study also included visiting
sites where various technologies had been used to
determine whether the technology needed to back-
fill and seal an underground repository existed and
to identify any deficiencies associated with those
technologies. The study concluded that existing
technologies were adequate for the materials and
placement methods being considered for backfill-
ing and sealing the underground repository open-
ings (SNL 1994, Section 6.0).

Backfilling Operations. Backfilling will be per-
formed throughout the ramps, shafts, and main ser-
vice drifts as part of the repository closure. These
operations will require removal of equipment, rails,
utilities, and unsuitable materials from the subsur-
face facility. Temporary utilities and support fea-
tures, such as ventilation ducts, will be installed
during backfilling and sealing and removed as
backfilling progresses. The openings will be pre-
pared to receive backfill by installing utilities and
mobilizing equipment specifically dedicated to
backfill operations.

Backfill and seals will be placed in a series of par-
allel operations that begin with placement of back-
fill in the perimeter mains adjacent to the waste
emplacement drifts and continue through closure
of shafts and ramps. As discussed in the Mined
Geologic Disposal System Advanced Conceptual
Design Report, backfilling will begin at the por-
tions of the repository farthest from the openings
and will continue to the surface openings. Suffi-
cient access and ventilation to support workers and
equipment will be maintained (CRWMS M&O
1996b, Volume II, Section 9.4.3). The. ventilation
system that was established for the monitor phase
will be modified. as the main drifts are plugged.
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Surface Material Handling. Backfilling opera-
tions will require material handling support at the
surface ranging from obtaining raw backfill mate-
rial from the surface stockpile or other source,
processing (screening, crushing, and possibly
washing) the material to obtain the required
particle size, and placing the processed backfill
material into a stockpile for subsequent loading.
No surface-related backfill designs have been
developed because many design factors are
unknown. Unknown factors include the extent of
material degradation and settlement in the surface
stockpile after 100 years of storage, whether
single- or multiple-component fill material will be
used, and the backfill emplacement rate. Material
handling equipment at the surface will include
loading, hauling, and processing equipment. Haul
trucks will transport backfill to the shaft openings.

Using rock excavated during repository construc-
tion for backfill is being considered. However,
after 100 years of surface exposure, the excavated
rock may need to be sterilized by washing
and chemical treatment before being used as
backfill (CRWMS M&O 1996b, Volume II,
Section 9.4.3.1.1).

Underground Material Handling. Backfill mate-
rial will be transported underground by open gon-
dola rail-cars. Backfilling will likely be performed
concurrently at multiple locations to reduce the
time required to close the repository. Approxi-
mately 2.6 million cubic meters (3.4 million cubic
yards) of material will be required to backfill the
main drifts, shafts, and miscellaneous underground
excavations. Backfilling operations can be main-
tained at up to two or three locations at a time. To
supply multiple placement locations, two transfer
points will be installed to unload gondola cars and
to load work cars (CRWMS M&O 1996b,
Volume II, Section 9.4.3.1.2).

Backfill Placement System. A pneumatic system
is the preferred method of placing backfill into the
main drifts and ramps, and around ramp seals. A
pneumatic backfilling system typically includes an
air compressor or blower, stower, hydraulic drive
unit, electrical power feeder and switchgear,
material receiving hopper, and pipeline. The

stower will be the central component of a typical
industrial pneumatic backfilling system. The
stower is a large rotary air lock that introduces
coarse abrasive materials into a fast moving,
low-pressure air stream. Eight compartments will
be formed by elongated plates mounted to a central
shaft that turns within a curved, tight-fitting case.
The bottom of the stower will be vertically elon-
gated, forming an enclosed trough through which
compressed air flows. Fill material will be dumped
into the top compartment, which is open to air, and
will be carried into the base compartment. The
rotor will be tightly fitted to the casement to pre-
vent compressed air from escaping. Once sus-
pended, the material will be conveyed through a
pipeline connected to the bottom of the stower and
sprayed into the targeted void.

The results of an informal survey of various field
operations and documents describing backfilling
applications performed in the 1970s and 1980s
show the following:

* Blower sizes ranged from 110 to 630 kW at
sea level, with 300 kW being most common,
and produced air flows ranging from 1.4 to
2.8 m¥/s (2,965.2 to 5,930.4 ft*/minute), with
1.9 m¥s (2,120 ft*/minute) being most
common. Air pressures at the blowers
ranged from 55 to 100 kPa with a pipeline
operating pressure of 28 to 34 kPa. The
blower speeds varied between 1,600 and
2,300 revolutions/minute.

Pipelines included 8- and 10-in. diameter
Schedule 40 and 80 steel pipe, rubber-lined
light-duty construction pipe, and fiberglass
construction pipe.

Piping arrangements included vertical drops
of up to 610 m (2,000 ft) and horizontal runs
to 610 m (2,000 ft). Plugging problems
became excessive in some cases when
horizontal pipeline lengths exceeded 370 m
(1,200 ft).

The VA design calls for the stower and material
feed equipment to be mounted on rail cars
entrained with a material supply car or supply cars
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and locomotive. While backfilling, the stower car
and one supply car may be positioned at the site of
backfilling, while another supply car is shuttled by
the locomotive back and forth to a material feed
storage pile. This arrangement will provide flexi-
bility for the system to move throughout the sub-
surface and place backfill at widely scattered
locations. If the rail or other man-made materials
are removed before backfilling, the stowing equip-
ment will be mounted either on a crawler or a
steel-tired unit.

Most of the pneumatic backfilling systems sur-
veyed on an industry-wide basis used long pipe-
lines to distribute the material. The mobile system,
however, will eliminate the need for a long pipe-
line, which is expensive and subject to plugging,
by using a relatively short pipe to aim the backfill
at the point of placement. The pipe snout will be
swiveled and elevated to completely sweep the
drift opening cross-section.

As discussed in the Mined Geologic Disposal Sys-
tem Advanced Conceptual Design Report, other
advantages of this system include the ability to
move a large volume of material, the ability to
place the material in less time, and the
operational flexibility to handle unexpected condi-
tions (CRWMS M&O 1996b, Volume II,
Section 9.4.3.2.1)

Sealing Shafts, Ramps, and Boreholes. As dis-
cussed in the Repository Seals Requirements Study,
the qualitative design criteria for seals for shafts,
ramps and boreholes is provided in 10 CFR 60.134
(CRWMS M&O 1997aa, Section 2.1.1):

* Seals for shafts and boreholes shall be
designed so that, following permanent
closure, they do not become pathways that
compromise the geologic repository's ability
to meet the performance objectives for the
period following the permanent closure.

* Materials and placement methods for seals
shall be selected to reduce the potential for
creating a preferential pathway for ground-
water and radioactive waste migration,

through existing pathways, to the extent
practicable.

The seals placed in the ramps, shafts, and bore-
holes will be strategically located to reduce radio-
nuclide migration over extended time periods, and
so that they do not become pathways that compro-
mise the repository's postclosure performance.
Seal materials and placement methods will be
selected to reduce, to the extent practicable, the
creation of preferential pathways for groundwater
to contact the waste packages and the migration of
radionuclides through existing pathways. The
seals likely will be integrated with backfill and will
be bracketed by the backfill. Installing seals will
involve preparing the underground openings to
receive the seals, obtaining and transporting seal
material, and constructing the seals.

A number of seal geometries may be applicable to
the repository. These types of seals include inun-
dation plugs, hydraulic fill containment bulkheads,
abandonment bulkheads, consolidation bulkheads,
and conversion bulkheads. These seals are defined
as follows:

* Inundation plugs are installed in shafts,
ramps, and drifts to protect against sudden
inflows of water. Inundation plugs often
must withstand very large pressures and are
usually designed for full hydrostatic head
produced by elevated water table at the site
of the operation.

Hydraulic fill containment bulkheads are
used to retain backfill that has been stowed
as a slurry during drainage or decanting of
the water until moist backfill has consoli-
dated.

* Abandonment bulkheads are installed to seal
abandoned underground excavations and
limit pumping or ventilation requirements.
These bulkheads are designed to withstand
hydrostatic pressure in wet conditions and to
be explosion-proof in gassy conditions.

Consolidation bulkheads are used to provide
a protection barrier behind which grout
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curtains can be installed. These bulkheads
may be constructed in a shaft to provide a
stable platform upon which inclined, vertical
grout holes may be drilled or constructed at a
drift heading to maintain the structural
integrity of the rock face during grouting
through inclined, horizontal drillholes.
Consolidation bulkheads are designed to
withstand specific hydrostatic limits.

 Conversion bulkheads are used for under-
ground excavations that have been adapted
to gas storage. This seal is constructed of
multiple components that are incorporated
into a complex geometry to limit leakage.

Some of these seals may not be adequate for repos-
itory application because they are gas or liquid per-
meable. Variations of the inundation plug and
conversion bulkhead may be the most applicable
for sealing the repository if permeability becomes
an issue.

Basic seal shapes for any application are paral-
lel-sided, arched, or tapered. Parallel seals may be
keyed into the surrounding rock, while arched and
tapered seals are inherently keyed. The prepara-
tion of a keyway will require an over-excavated
section at a typical shaft or ramp seal location.
Installing a seal with a keyway will require more
preparation and materials than unkeyed seals.
While leakage may occur along the interface
between seal and host rock, or through the host
rock only, the seal geometries are used when the
potential leakage through these pathways is insig-
nificant.

The Repository Seals Requirements Study
(CRWMS M&O 1997aa) was conducted to iden-
tify design requirements for the repository sealing
system. The repository sealing study considered
repository sealing to be defined as those compo-
nents that would reduce potential inflows of water
or air into the repository. An assessment of the
need for sealing shaft and ramp components was
performed by comparing the allowable flow goals
from 10 CFR 60 to the anticipated flows from the
shafts, ramps, and underground facility. The
repository sealing strategy considered where,

when, and how to seal the repository. The results
of this study were transferred to the Controlled
Design Assumptions Document (CRWMS M&O
1998b) and will be used in future design activities
as discussed in Section 3.2.1.8 of Volume 4.

The report and other previous studies have identi-
fied tests that should be conducted for the backfill
and sealing activity. These tests have been incor-
porated into the Viability Assessment Mined Geo-
logic Disposal System Test and Evaluation Plan,
(CRWMS M&O 1998m).

Surface Decommissioning. The surface facilities
will be decommissioned and removed from service
during repository closure. Decommissioning will
include decontamination, removal/salvage of valu-
able equipment and materials, and dismantlement.

Facility dismantlement will include the dismem-
berment, distribution, or removal of facility sys-
tems, in whole or in part, from the site. The
surface facilities will require demolition of rein-
forced structures after the fixtures and equipment
have been removed. The potential for salvaging,
recycling, and reusing equipment, materials, and
fixtures will be considered. Surface facilities must
also be removed to perform final site restoration.
As discussed in Mined Geologic Disposal System
Concept of Operations, facility removal will
include the preparation and transportation of sys-
tems, structures, and components to offsite loca-
tions. (CRWMS M&O 19970, Section 3.4.2)

Site Reclamation. Site reclamation will include
restoring the site to as near its pre-construction
condition as practicable. Reclamation may require
the recontouring of all disturbed surface areas, sur-
face backfill, soil buildup and reconditioning, site
revegetation, site water course configuration, and
erosion control implementation (CRWMS M&O
19970, Section 3.4.3). '

Institutional Barriers. Institutional barriers will
include land records and warning systems to be
placed around the repository to prevent human dis-
turbance. Provisions may be added for postclosure
monitoring. The controlled area and repository
operations area will be identified by monuments

4-122




Preliminary Design Concept for the Repository and Waste Package

VYolume 2

that are designed, fabricated, and placed to be as
permanent as practicable (CRWMS M&O 19970,
Section 3.4.4).

44 PERFORMANCE CONFIRMATION
PROGRAM

The performance confirmation program includes
tasks recuired to monitor repository system perfor-
mance. The performance confirmation program
includes elements of site testing, repository testing,
repository subsurface support facilities construc-
tion, and waste package testing that extends from
the pre-emplacement construction phase through
the monitoring phase of the repository (CRWMS
M&O 1997s).

Site testing includes subsurface geologic mapping
and sampling, surface-based hydrologic instrumen-
tation and monitoring, underground fault zone
hydrologic testing, sample testing, thermal testing,
instrumentation and monitoring, and general sur-
face-based testing.

Repository testing includes in situ seal testing for
ramp, shaft, and borehole applications as well as in
situ design testing, near-field testing, and labora-
tory testing for hydrocarbons remaining in the
repository.

Waste package testing includes offsite laboratory
testing cf waste package materials, in situ waste
package monitoring, and testing of recovered
waste package material specimens. The key
parameters affecting waste package performance to
be measured in laboratory testing include those
associated with oxidation and aqueous corrosion.
All corrosion degradation modes identified as
important to either the outer or inner barrier of the
waste package would be measured in long-term
laboratory corrosion tests. Oxidation and corro-
sion products would be characterized. Waste pack-
age in situ monitoring would include monitoring a
variety of parameters in the subsurface excavations
and surrounding rocks, including gaseous radionu-
clides whose presence would indicate an early
waste package failure, container surface tempera-
ture, and humidity.

Waste package material testing may involve the
recovery of actual waste packages for inspection
and testing purposes. Because such recovery and
testing is extremely costly, it would be employed
only as a contingency; that is, should a breached or
damaged waste package be detected, it would be
recovered and brought back to the surface facility
for testing and rework.

Repository subsurface support facilities include the
construction of subsurface test facilities and sup-
port concepts, which would consist of an integrated
network of systems to monitor directly the
emplacement drift environment; monitor the geo-
logic, hydrologic, and geochemical conditions
adjacent to the emplacement drifts; and monitor
conditions surrounding the repository block. Sub-
surface support facilities would include observa-
tion drifts and alcoves near the emplacement area,
remotely operated systems for emplacement drift
monitoring, monitoring equipment in the exhaust
ventilation system, and recovery of waste pack-
ages, as a contingency. A remotely operated visual
inspection system would obtain visual records of
waste package surfaces, drift inverts and walls,
ground support systems, and drift collapse/rock-
falls in the drifts following waste emplacement.

A remotely operated thermal inspection system
will measure waste package wall temperature, tem-
perature on the emplacement drift wall, and drift
air temperature following waste emplacement.
Remote radiological inspection will monitor radia-
tion levels in the emplacement drifts following
waste emplacement to detect potential waste pack-
age failure and radionuclide release. Ventilation
drift monitoring will provide observations of the
incoming and outgoing conditions in the emplace-
ment drift air, including temperature, relative
humidity, and presence of gaseous radionuclides.

Data collected during the Performance Confirma-
tion Program will be used to update the models
used to evaluate total system performance. Results
of monitoring and analysis could confirm predicted
system response. If it were determined that actual
conditions differed from those predicted, the
results could support further evaluation of the
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impact of actual conditions on long-term perfor-  grated into the VA reference design. Design of the
mance of the repository system. performance confirmation drifts is described in
Section 4.2.1.2, and monitoring and control sys-

Systems and facilities required to conduct the per-  tems are described in Section 4.2.5.3.
formance confirmation program have been inte-
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5. DESIGN OF THE ENGINEERED
BARRIER SYSTEM

This section describes the VA reference design for
the engineered barrier system. The engineered
barrier system has the following two major compo-
nents: the waste packages that hold the waste and
the underground facility (as defined by 10 CFR 60)
comprising those engineered features outside the
waste packages. Additional features are being
evaluated as design options that may be added to
the engineered barrier system to improve perfor-
mance. These features are discussed in
Section 5.3.  Figure 5-1 shows the engineered
barrier system.

This section is divided as follows:

e Components and Design of the Waste
Package

* Underground Facility

* Design Options for the Engineered Barrier
System
5.1 COMPONENTS AND DESIGN OF THE
WASTE PACKAGE

The disposal containers, or waste packages
(loaded, sealed, and inspected disposal containers),
are being designed to hold radioactive material that
arrives at the repository in different forms and
under different conditions. The following two
paragraphs briefly state how the design of the
waste package fits with other work being done to
predict the repository's performance and describe
which key technical issues the work supports. The
remainder of this section discusses the waste forms
to be handled, the designs of the various waste
packages, and the extensive evaluations that have
been made to predict the performance of the waste
packages over time.

The waste package design contributes to reducing
the uncertainties of the principal factors that impact
preclosure operations and postclosure performance
identified in Section 2 of Volume 4. As discussed
in Secticn 2.2, the principal factors affecting the
postclosure performance of the waste package
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include the following: water dripping onto the
waste package, humidity and temperature at the
waste package, chemistry of water on the waste
package, integrity of the carbon steel outer barrier
of the waste package, integrity of the high-nickel
alloy inner barrier of the waste package, integrity
of spent nuclear fuel cladding, and dissolution of
the uranium oxide and glass waste forms. The
waste package design addresses how these princi-
pal factors affect the lifetime of the waste package
and its ability to isolate and contain the waste.
This assessment is made using data generated in
the materials testing programs that aid in selecting
materials that perform well under the anticipated
repository conditions. Once the materials are
selected, design analyses are performed to evaluate
the waste package's structural integrity, thermal
performance, and shielding properties. In addition,
the testing programs also provide data used to pre-
dict the containment time provided by the waste
package barriers and the spent nuclear fuel clad-
ding.

The waste package design and the materials and
waste form testing also address various aspects of
six of NRC's key technical issues as discussed in
the following list:

» Structural Deformation and Seismicity
(NRC 1997a). The waste package designs
must be able to withstand structural defor-
mation due to seismicity and related hazards
to ensure that any damage would not pose a
risk of noncompliance. Refer to Volume 4
Section 4.3.3.2.

Evolution of the Near-Field Environment
(NRC 1997b). The waste package lifetime is
influenced by the amount of water
contacting the waste package and the
chemistry of the water. The thermal load
must be considered for its effect on the waste
and the natural environment. Refer to
Volume 4, Section 4.3.3.3 for a description
of the Key Technical Issue.

Container Life and Source Term
(NRC 1998a). A long-lived waste package
is the goal of the waste package design.
Structural analyses evaluate the integrity of
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the waste package. Testing the waste
package materials supports the generation of
material corrosion or degradation models to
evaluate the effects of corrosion on the
lifetime of the waste packages. In addition,
the testing of the waste forms provides
source terms for radionuclide releases to the
near-field environment. Refer to Volume 4,
Section 4.3.3.4 for a description of the key
technical issue.

Repository Design and Thermal-Mechanical
Effects (NRC 1997c¢). One of the subissues
associated with this key technical issue is
demonstrating that the designs for the repos-
itory and the waste packages meet the
preclosure and postclosure performance
objectives. Refer to Volume 4,
Section 4.3.3.6 for a description of the key
technical issue.

Total System Performance Assessment
(TSPA) and Integration (NRC 1998b). A
TSPA will be conducted to determine
compliance with limits set for dose and risk.
The tests being done on the waste package
materials and waste forms help determine
their degradation modes under repository
conditions. This information, in turn, is used
as input to the TSPA to project offsite doses.
Refer to Volume 4, Section 4.3.3.7 for a
description of the key technical issue.

Radionuclide Transport (Sagar 1997). This
key technical issue is concerned with the rate
at which radionuclides are released from the
waste form and the extent of their movement
away from the repository toward the acces-
sible environment. The waste package
materials and waste form tests contribute to
understanding these processes. Refer to
Volume 4, Section 4.3.3.10 for a description
of the key technical issue.

5.1.1 Waste Forms

The waste forms can be grouped into the following
four general categories: spent nuclear fuel from
commercial nuclear reactors; wastes from nuclear
materials processing (high-level radioactive
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waste); spent nuclear fuel from DOE programs,
including naval spent nuclear fuel from the Naval
Nuclear Propulsion Program; and surplus pluto-
nium.

Spent fuel from commercial nuclear reactors refers
to fuel coming from reactors that are used to
produce power (electricity). There are two types
of commercial power reactors in the United
States-boiling-water reactors and pressur-
ized-water reactors. The fuel for these reactors is
arranged as assemblies, which are 6 to 17 ft in
overall length. These assemblies are a collection
of fuel rods arranged in square bundles and
customized to meet the size and performance
requirements of the reactor design. The fuel rods
are seamless end-welded metal tubes, approxi-
mately 0.25 to 0.50 inches in diameter, which
contain uranium dioxide, compressed into short
cylinders called pellets. Most of the tubes are
made of a special metal alloy, Zircaloy (about 99
percent); others are made of stainless steel (about 1
percent). A generic name for the material
comprising the tubes is cladding (DOE 1996¢,
Appendix B; CRWMS M&O 1997as).

The cladding is designed and fabricated to perform
in the harsh reactor environment where operating

pressures can exceed 2,000 Ibs/in.2 and fuel clad-
ding temperatures approach 700°F (371°C). Both
the Zircaloy and stainless steel cladding are
high-strength metals exhibiting high tensile
strength with wall thicknesses of about 0.7 mm.
For purposes of conducting reactor safety analyses,
it is assumed conservatively that 0.1 percent of the
cladding is breached. This conservative assump-
tion is carried over in the analyses performed for
the performance assessment and is discussed in
Volume 3. This assumed cladding failure rate of
0.1 percent is about twice that actually observed.
Moreover, no credit for stainless steel cladding is
taken in conducting performance assessments.

Approximately 300,000 fuel assemblies are
expected to be generated by the year 2041—
170,000 from boiling-water reactors (including
about 300 with stainless-steel cladding) and
130,000 from pressurized-water reactors (includ-
ing 2,000 with stainless-steel cladding). Current
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statutory limits on the total mass of heavy-metal,
implemented through a license issued by NRC,
allow about 75 percent or about 225,000 of these
fuel assemblies to be emplaced in the first reposi-
tory until a second repository is in operation
(CRWMS M&O 1997av).

The high-level radioactive waste consists of solidi-
fied wastes from nuclear materials processing.
This waste has various origins, such as residues
from producing nuclear weapons and reprocessing
fuel from commercial, research, and naval reactors,
with the majority coming from noncivilian activi-
ties. The waste is solidified through a process that
yields a leach-resistant material, typically a glass
form called vitrified borosilicate glass. While still
liquid, the glass is poured into stainless-steel canis-
ters with an outside diameter of 0.61 m (24 in.) and
a length of 3 or 4.6 m (9.8 or 15 ft). After the glass
cools and solidifies, the canisters are sealed.

Approximately 19,000 canisters of high-level
radioactive waste are planned to be generated by
the year 2035. Approximately 1.5 percent of these
canisters will be from reprocessing commercial
nuclear fuel; the remainder will be from reprocess-
ing materials from the defense nuclear program.
Though the number of high-level radioactive waste
canisters to be emplaced in the first repository has
not been finalized, it is expected to be approxi-
mately 8,300 (CRWMS M&O 1997av).

DOE has more than 250 different types of spent
nuclear fuel in its inventory (DOE 1997b). This
fuel has various physical, chemical, and nuclear
characteristics and represents approximately
2,500 MTHM (2,756 tons), of which 2,333 MTHM
(2,572 tons), will be allocated for disposal in the
first repository (CRWMS M&O 1997av).

The largest single component of this inventory is
spent nuclear fuel from the N-Reactor with approx-
imately 1,980 metric tons (2,181 tons) of heavy
metal in inventory. During its 20-year life, the
N-Reactor produced nuclear isotopes for defense
purposes. This N-Reactor fuel is a uranium metal
with a very low (less than 2 percent) enrichment.
Enrichment is a measure of the initial concentra-
tion of uranium-235 in the fuel. The fuel will be
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placed in canisters that can be disposed of in the
proposed repository. Approximately 400 canisters
will be loaded with N-Reactor spent nuclear fuel
(CRWMS M&O 1997av).

Approximately 180 metric tons (198 tons) of DOE
heavy-metal inventory is low-enriched uranium
oxide. Some of this material is standard commer-
cial spent nuclear fuel that was used for testing.
This fuel will be transported to the repository in
standard transportation casks. Another fraction of
this fuel is the fuel debris from the damaged reactor
core at Three-Mile Island-2. The fuel debris is
already in canisters that may be placed inside a
larger container and transported to the repository
(CRWMS M&O 1997av).

Approximately 125 MTHM (138 tons) are com-
posed of highly enriched uranium (initially more
than 20 percent uranium-235), medium-enriched
uranium (initially between 5 and 20 percent ura-
nium-235), and some thorium- and pluto-
nium-based fuels. This fuel presents different
considerations for avoiding criticality than does the
commercial spent nuclear fuel, and therefore
requires separate analysis. In general, these fuels
will be placed in canisters. These canisters will be
placed into waste packages along with canisters
containing vitrified high-level radioactive waste;
this process is called co-disposal. Some fuels
within this group may require an additional waste
package design either because the spent nuclear
fuel canister is too large, or because there are pro-
portionally more spent nuclear fuel canisters than
high-level radioactive waste canisters, or the spent
nuclear fuel canister requires additional measures
to control criticality (CRWMS M&O 1997av).

Naval nuclear fuel is designed to operate in a
high-temperature, high-pressure environment for
many years. Naval nuclear fuel is highly enriched
(initially between 93 and 97 percent uranium-235).
In addition, to ensure it can withstand battle shock
loads, naval nuclear fuel is surrounded by large
amounts of structural material made of Zircaloy.
There are several different designs for naval spent
nuclear fuel, but all have similar materials and
mechanical arrangements. The DOE plans to
emplace approximately 300 sealed canisters of
naval spent nuclear fuel containing approximately
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65 metric tons (72tons) of heavy metal in the
repository. The canisters will be transported to the
repository by the Naval Nuclear Propulsion
Program. The canisters will have a maximum
outside diameter of 1.69m (5.54 ft) and a
maximum length of 5.39 m (17.7 ft) (U.S. Depart-
ment of the Navy Final Environmental Impact
Statement for a Container System for the Manage-
ment of Naval Spent Nuclear Fuel and Department
of the Navy, Naval Sea Systems Command draft
letter to Russell Dyer, Project Manger, Yucca
Mountain Site Characterization Office, October 16,
1997). Each sealed canister will be loaded into a
waste package for disposal in the repository; the
larger of the two naval spent nuclear fuel waste
packages is the heaviest and longest of all waste
package designs.

There are 50 metric tons (55 tons) of surplus weap-
ons pluionium to be emplaced in the repository.
(DOE 1997c) This material was declared surplus
to national defense needs. The current plan is to
adopt a dual-track strategy for disposition of this
surplus material, as described in the following:

* Fabricate ceramic discs that contain surplus
plutonium along with neutron absorber
material evenly distributed throughout the
ceramic matrix. The ceramic material will
resist the leaching of plutonium. Once the
plutonium has been immobilized, small cans,
each containing a number of the ceramic
discs, are placed inside of empty
stainless-steel canisters that will later be
filled with high-level radioactive waste in
the form of borosilicate glass. The canisters
for this combination of solidified waste have
an outside diameter of 0.61 m (24 in.) and a
length of 3 m (9.8 ft), identical to the shorter
high-level radioactive waste canister
described above in the high-level radioactive
waste  description. Immobilizing all
50 metric tons of plutonium would require
about 1,750 canisters. However, since the
canisters would be mostly filled with

high-level radioactive waste, only an
additional 210 canisters of vitrified
high-level radioactive waste would be
required.  This increase represents the

volume of vitrified waste displaced by the
small cans of immobilized plutonium.

* Convert a portion of the plutonium into the
ceramic form and dispose of as described
above and use the remaining plutonium in
combination with standard uranium fuel for
commercial power reactors. The enrichment
of the plutonium-based fuel would have to
be decreased (done by blending with other
material) to be suitable for commercial
applications. This combination is called
mixed-oxide fuel and will be a part of the
commercial spent nuclear fuel inventory. As
such, it is not considered a separate waste
form.

The decision of how much of the 50 metric tons
will be immobilized and how much will be used as
commercial mixed-oxide fuel has not been final-
ized.
5.1.2 Designs for the Waste Packages

The waste package materials and design have been
chosen specifically for a repository host horizon
located above the water table in the unsaturated
zone. The waste package is designed to contain the
nuclear waste for the first several thousands of
years, during the time of high thermal output which
drives the waste package and repository drift walls
well over the boiling point of water. This
long-term interval produces a high-temperature,
relatively low humidity environment, which
greatly diminishes the waste package materials'
corrosion potential, thereby enhancing the overall
performance of the repository. Many different ele-
ments were considered in designing waste pack-
ages to meet this objective and to satisfy the
requirements presented in Section 3, as follows:

* How will the waste package be designed to
assure a subcritical configuration to satisfy
the preclosure and postclosure safety criti-
cality requirements defined in Sections 3.1.3,
3.3.1, and 3.3.2 (criticality safety)?

e What are the limits for individual waste
package maximum and average heat gener-
ation rates to keep the system (repository and




Viability Assessment of a Repository at Yucca Mountain

DOE/RW-0508/V2

waste package) thermal changes at
acceptable levels to meet the thermal
requirements defined in Section 3.2.1 to
maximize repository performance (thermal
impact)?

How strong do the containers have to be
under accident conditions to maintain
containment to comply with the require-
ments defined in Sections 3.3.1 and 34
(structural integrity)?

What materials can best withstand the condi-
tions in the proposed repository to produce a
long-lived waste package to support the
containment and isolation requirements
defined in Section 3.1.2 (materials testing)?

How thick does the container wall have to be
to reduce radiation levels that would
contribute to corrosion and/or to provide
personnel protection (shielding require-
ments)?

Can the containers be easily loaded, sealed,
and handled?

These design elements must be addressed for every
fuel type and waste form that will eventually come
to the repository. Criticality safety is addressed by
incorporating neutron-absorbing materials in cer-
tain packages. High thermal load conditions are
partly addressed by using aluminum thermal shunts
to enhance heat conduction from the center of the
waste package through the inner barrier and to the
outer surface of the package. Structural integrity is
driven by the need to provide adequate protection
of the waste form through design of internal com-
ponents and is also a major factor in establishing
waste package wall thickness. Shielding properties
also impact wall thicknesses, while thicknesses and
material selection influence the waste package's
long-term corrosion performance. Factors such as
remote handling, fuel loading, and welding capa-
bility affect the geometric design.

No single waste package design will accommodate
every fuel type and waste form. Therefore, several
variations or design configurations are necessary.
These configurations are based on the wastes to be

disposed of, along with the predicted safety,
long-term performance, and costs. The various
designs included in this section include the physi-
cal designs of, and the materials used in, the waste
package; the bases for selecting the materials; and
the general process for fabricating a waste pack-
age.
5.1.2.1 Waste Package Designs for
Commercial and Noncommercial
Waste Forms

This section describes the various waste package
designs that have been developed to accommodate
specific waste forms.

General Features of Waste Package Designs.
Figure 5-2 presents the general features of all the
waste package designs. Waste package designs
consist of two concentric, cylindrical containment
barriers with accompanying lids (a closed cylinder
within a closed cylinder) and an internal basket
structure, where appropriate (not all designs
require a basket). The waste form is arranged in
the basket inside the inner cylindrical barrier.
Helium is used as a fill gas inside the waste pack-
age to help transfer heat from the waste form to the
inner barrier and to prevent the waste form from
oxidizing.

Containment barriers isolate the waste forms from
potentially corrosive agents for as long as possible
and retard the migration of radionuclides out of
the waste package even after the barriers have
been breached. The barriers also provide struc-
tural protection from design basis events and even-
tual collapse of the emplacement drift. To support
the waste-containment strategy, the design of the
waste package is tailored to take advantage of the
conditions of the unsaturated zone of volcanic tuff
at Yucca Mountain and to complement the features
of the host rock that act as a natural barrier.

As long as the waste packages remain intact, the
waste will be contained completely and kept from
any contact with the host rock, air, and groundwa-
ter. This extended period of containment has sev-
eral positive results. The radiation source is
reduced due to radioactive decay of the wastes.
The uranium dioxide contained within the fuel rods
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is protected from contact with air during the time it
is at a high temperature, which otherwise could
accelerate oxidation of the uranium dioxide. In
addition, the other waste forms are protected dur-
ing the initial high-thermal load period. Tests and
modeling information already available indicate
that waste package containment times exceeding
several thousands of years may be achievable.

The inner barrier of the waste package is 20 mm
(0.8 in.) thick and made from a solution-annealed,
corrosion-resistant material, high-nickel alloy,
Alloy 22 or equivalent. For simplification, this
material will be denoted as Alloy 22 throughout the
rest of the document. The lids for the inner barrier
are 25 mm (1.0 in.) thick and made from the same
material. The surrounding outer barrier is 100 mm
(4.0 in.) thick and made from a corrosion-allow-
ance material ASTM A 516 carbon steel. The lids
for the outer barrier are 110 mm (4.3 in.) thick and
are also made from ASTM A 516 carbon steel.
The outer barrier cylindrical wall extends past the
lids forming a skirt at either end of the waste pack-
age. This design feature facilitates handling and
serves to improve the package's resistance to dam-
age by acting as a shock absorber should the waste
package be dropped on end. Due to its greater
thickness, the outer barrier initially provides most
of the structural protection. However, the inner
barrier is designed to be strong enough to protect
the waste forms from minor rockfalls long after the
outer barrier has corroded away.

The dual-containment barrier design is an example
of the defense in depth philosophy of design and
provides two lines of defense from corrosion. The
combined thickness of the two barriers reduces
radiation levels at the surface of the waste package
to a level at which radiolysis-enhanced corrosion
becomes inconsequential. Under anticipated
repository conditions, corrosion of the carbon steel
outer barrier will occur evenly and at a predictable
rate. The outer barrier may also provide cathodic
protection of the inner barrier once the outer barrier
is first breached. By the time the outer barrier has
been breached, the temperatures inside the waste
package will have declined to a level so that any
corrosion of the inner barrier would proceed at an
extremely slow rate. The inner barrier is expected

5-8

to continue to provide containment for a much
longer period than the time required to breach the
outer barrier. Even after the inner barrier has been
breached, the waste package will still restrict water
flow to the waste form, thus inhibiting the dissolu-
tion of radionuclides and their migration out of the
waste package.

Waste Packages for Uncanistered Commercial
Nuclear Fuel. As described in Determination of
Waste Package Design Configurations (CRWMS
M&O 1997f), the following eight waste packages
were designed for uncanistered fuel from commer-
cial power reactors, including mixed-oxide fuel:
five for fuel from pressurized-water reactors and
three for fuel from boiling-water reactors. As pre-
viously stated, the materials and thicknesses of the
containment barriers are the same for the all waste
package designs.

Baskets inside the waste package are designed to
provide structural support to the waste forms dur-
ing design-basis events or in the event of drift col-
lapse. The different basket designs are tailored to
accommodate each of the different waste forms.
The baskets are primarily composed of carbon steel
and may also include borated stainless steel and/or
aluminum. In addition to structural support, the
baskets may also provide criticality control and/or
facilitate heat transfer, if required for a specific
waste form. Criticality is controlled by maintain-
ing the geometric arrangement of the waste
form(s), providing neutron absorbing materials
(e.g., boron or gadolinium compounds), and dis-
placing water, which is a neutron moderator. The
waste package basket, composed primarily of car-
bon steel, will contribute to moderator displace-
ment upon waste package breach, as the carbon
steel corrosion products take up much more space
than the original metal, thus reducing the space that
could otherwise be occupied by water.

The spent nuclear fuel basket resembles an egg
crate put together with interlocking plates. Each
basket design is tailored for the size, type, and
number of fuel assemblies it must hold. The bas-
kets are composed of interlocking plates, fuel
tubes, thermal shunts (where required), structural
guides, and absorber rods (where required).
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The interlocking plates and fuel tubes set the pat-
tern for how the fuel assemblies will be arranged
inside the waste package. The material composi-
tion and thickness of the interlocking plates are
selected appropriate to the criticality control needs
for each waste package design. The interlocking
plates are made of either ASTM A 516 grade
70 carbon steel or Neutronit A 978 borated stain-
less steel, depending on criticality control needs.
The thickness of the carbon steel plates ranges
from 5 to 10 mm (0.2 to 0.4 in.) for the designs that
do not need extra neutron-absorbing material in the
plates to control criticality (no-absorber designs)
and those that control criticality using separate rods
(absorber rod designs). The interlocking plates
serve to position the fuel tubes; the fuel tubes pro-
vide structural strength to the fuel basket to main-
tain the fuel geometry during design-basis events.

Some designs control criticality by using interlock-
ing plates made of borated stainless steel. These
absorber plate designs use Neutronit A 978 borated
stainless steel, with a thickness ranging from 7 to
10 mm (0.3 to 0.4 in.). The corrosion rate for

borated stainless-steel plates is low, and the plates

tend to corrode by pitting. With this type of corro-
sion, as the plates corrode, they will remain in
place between the fuel assemblies. The borated
stainless-steel interlocking plates provide some
structural strength to the basket, although no struc-
tural credit is taken in the structural analyses.
There will be no bends or structural welds on the
borated stainless steel plates since these processes
tend to stress the material and concentrate boron at
grain boundaries, accelerating stress corrosion
cracking (a specific type of material degradation).

The fuel tubes are long square open-ended chan-
nels that fit inside and support the structure created
by the interlocking plates (egg crate) and hold the
fuel assemblies in place. The fuel tubes provide
structural strength for the basket and the contained
fuel assemblies during design basis events. The
fuel tubes also aid in conducting heat generated by
the fuel. The fuel tubes for each waste package
design are made of ASTM A 516 carbon steel that
is 5 mm (0.2 in.) thick. As with the interlocking
plates, the fuel tubes will further increase modera-
tor displacement as the tubes oxidize following
waste package breach.

Where needed, the addition of aluminum thermal
shunts provides an efficient means to enhance heat
conduction away from the commercial spent
nuclear fuel so that the heat can pass through the
walls of the waste package. Addition of thermal
shunts is a simple and economical method to sig-
nificantly improve thermal conductance between
the center of the waste package and the outer edge
of the basket, thereby providing a convenient
means to keep the temperature of the cladding
within the conservatively specified limits. The
shunts are placed alongside the centrally located
steel interlocking plates, and along with the steel
interlocking plates, become part of the egg crate
pattern. The shunts are made of 5 mm (0.2 in.)
thick aluminum alloy 6061 T6. Limiting cladding
temperatures helps protect the waste form by mini-
mizing damage to the fuel cladding material. Also,
the heat radiated from the outer walls of the waste
packages to the walls of the emplacement drifts
will drive off water in the pores of the host rock
and lower the relative humidity inside the drift.
Reducing the relative humidity will limit water ini-
tially contacting the waste packages and slow the
rate of corrosion of the waste package's outer bar-
rier. Current analyses predict relative humidities
below 60 percent for hundreds to thousands of
years (CRWMS M&O 1995a; Buscheck
et al. 1996).

Structural guides hold the basket, or egg crate
structure of the interlocking plates and fuel tubes,
in place. They extend the full length of the basket
and are welded to the inner barrier wall. The waste
package structural guides are made of 10-mm
(0.4-in.) -thick ASTM A 516 carbon steel.

Absorber rods, similar to reactor control rods, are
used sparingly in the waste package design. They
are used only in waste packages containing highly
reactive fuel assemblies from pressurized-water
reactors, where long-term criticality control is
required. The absorber rods are made of boron car-
bide with Zircaloy cladding. Since the cladding on
the absorber rods is the same material as that used
in most fuel rod cladding, it is expected to have
similar corrosion properties and longevity.
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Of the five pressurized-water reactor package
designs, three are designed to hold 21 assemblies;
the other two, 12 assemblies each (see Table 5-1).

Table 5-1.Summary of Waste Package Designs for
Uncanistered Fuel from Pressurized-Water

Reactors
Number of
Assemblies Design
21 No Absorber 32
21 Absorber Plates 58
21 Absorber Rods, No 3
Absorber Plates
12 No Absorber 5
12 Absorber Plates (Longer 2
Cavity)
Total 100

The 21-assembly designs are the same except for
the neutron-absorbing material used for criticality
control. One design uses interlocking carbon-steel
plates with no absorber material; the second (see
Figure 5-2) uses borated stainless-steel interlock-
ing plates (absorber plates); and the third has car-
bon-steel interlocking plates and absorber rods.
All three designs use fuel tubes and thermal shunts.
The designs for the 12 pressurized-water reactor
assemblies differ in length and in absorber material
and are designed to hold the higher heat output
fuel. One is the same length as the three, 21-assem-
bly designs; the other is longer to accept oversize
assemblies and those with higher reactivity. The
longer waste package uses borated stainless steel
absorber interlocking plates, while the other has no
absorber material.

The three waste package designs for boiling-water
reactor fuel are all of the same length. Two are
designed to hold 44 boiling-water reactor assem-
blies; and the third to hold 24 assemblies boil-
ing-water reactor assemblies (see Table 5-2).

Table 5-2. Summary of Waste Package Designs for
Uncanistered Fuel from Boiling-Water

Reactors
Number of Inventory
Assemblies Design (Percent)
44 No Absorber 25
44 Absorber Plates 74
24 Thick Absorber Plates 1
Total 100

One of the 44 boiling-water reactor assembly pack-
ages has no absorber material and the other uses
absorber plates (see Figure 5-3). The 24 boil-
ing-water reactor assembly waste package is
designed primarily for those fuel assemblies that
require additional absorber material and have a
higher thermal output. As a result, this design uses
absorber plates that are thicker than those in the
other waste package designs. All of these waste
packages may incorporate thermal shunts.

Waste Packages for Canistered Commercial
Nuclear Fuel. Some commercial nuclear fuel may
arrive at the repository in canisters suitable for dis-
posal. In such cases, a single canister is placed
directly inside a disposal container (waste pack-
age). The canister includes a basket to provide the
necessary structural, thermal, and criticality perfor-
mance. There are several canister designs being
developed for acceptance at the repository. How-
ever, designs that use Boral as the absorber mate-
rial, which will not provide long-term
performance, may require some corrective actions
to be accepted for disposal.

There are two waste package designs for canistered
fuel, both of which are for boiling-water reactor
fuel. One waste package is designed to accept a
canister which holds 44 assemblies; the other is
designed to accept a canister which holds
24 assemblies. Like the waste packages for uncan-
istered fuel, these designs use the same dual-barrier
concept, materials, and material thicknesses.

Waste Packages for Solidified (Vitrified)
High-Level Radioactive Waste. There are three
waste package designs for canisters containing vit-
rified high-level radioactive waste. Two of these
designs allow for the co-disposal of a canister of
DOE-owned spent nuclear fuel configuration,
whereas the third design contains only vitrified
waste canisters. The surplus plutonium that has
been immobilized will be placed in this third type
of waste package.

All of these designs use the same dual-barrier con-
cept with the same materials and material thick-
nesses previously described, and all are designed to
accept five canisters of vitrified waste. The VA
reference design does not include a basket
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to separate the canisters, because special heat
transfer and criticality control capabilities are
unnecessary. Two of the designs accept a canister
of DOE-owned spent nuclear fuel in the center of
the waste package (see Figure 5-4). The two
designs differ only in length and diameter. The
design that does not accept a spent-fuel canister in
the center arranges the other five high-level radio-
active waste canisters around a guide tube in the
center of the waste package.

Waste Packages for Canistered Naval Spent
Nuclear Fuel. Naval spent nuclear fuel is to arrive
at the repository in canisters suitable for disposal.
This fuel is from nuclear powered submarines, sur-
face ships, and training reactors. The canisters will
fit one to a waste package similar in design to that
for the canistered commercial nuclear fuel.
Because there will be two canister sizes, one short
and one long, there will be two waste package
designs based on the lengths of the canisters. Both
designs use the same dual-barrier concept, materi-
als, and material thicknesses as previously
described.

Waste Packages for Canistered DOE-Owned
Spent Fuel. Although there are many forms of
DOE-owned spent nuclear fuel, these waste forms
generally are expected to arrive at the repository in
canisters suitable for disposal. Some of this fuel
will be placed in the center of the waste packages
designed for vitrified high-level radioactive waste.
However, some fuels within this group may require
an additional waste package design either because
the spent nuclear fuel canister is too large, or there
are proportionally more spent nuclear fuel canisters
than high-level radioactive waste canisters, or the
spent nuclear fuel canister requires additional criti-
cality control.

Only one of these DOE-owned spent nuclear fuel
waste package designs is currently being devel-
oped, with the rest being grouped in a miscella-
neous category. The N-Reactor fuel waste package
being developed will hold four specially designed
canisters (multi-canister overpacks). This design
uses the same dual-barrier concept previously
described.

Waste Packages for DOE-Spent Fuel-Miscella-
neous Category. As a consequence of work prior-
itization, as discussed in this volume, the designs
for miscellaneous wastes have not been completed.
It is assumed that there will be several designs for
canistered DOE-owned spent nuclear fuel; how-
ever, these designs are not being defined for the
VA reference design.

5.1.2.2 Selecting the Materials for the
Waste Packages

The waste package material selection is a
multi-step process. First, the waste package is
divided into components. Then, the functional
requirements for each component are identified.
Next, the characteristics of materials that are
expected to help meet the requirements are
selected. Candidate materials are chosen from the
commonly available materials (or, in the case of
fill gas, from common gases). The materials are
rated against grading scales for these characteris-
tics and suitable weighting factors (level of impor-
tance) are applied. Once the materials and
alternates have been selected, they are tested, as
discussed in Section 5.1.4.

A selection analysis was done for all of the waste
package designs. This analysis is documented in
detail in Waste Package Materials Selection Analy-
sis (CRWMS M&O 1997ap). For the purposes of
this analysis, the waste package was considered as
comprising the following seven major components:

* Corrosion-allowance barrier

* Corrosion-resistant barrier

* Fill gas

* Interlocking plates

* Fuel tubes

* Structural guides

¢ Guide tube for high-level radioactive waste

glass and/or co-disposed DOE-owned spent
nuclear fuel
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This analysis was completed by selecting weight-
ing criteria and establishing grading scales. In
choosing weighting factors, qualitative arguments
were used to justify estimates of the importance of
criteria in ensuring that the component will per-
form its functions. The following nine criteria
were identified as contributing to the performance
of various components:

» Mechanical performance (strength)

* Chemical performance (resistance to corro-
sion and microbial attack)

« Predictability of performance (understanding
of materials' behavior)

 Compatibility with other materials

* Ease of fabrication using the material

* Cost

* Previous experience (proven track record)

e Thermal performance (heat-distribution
characteristics)

» Neutronic performance (criticality and
shielding)

Table 5-3 presents the materials selected for waste
package components as a result of the selection
analysis.

51.23 Fabricating the Waste Package

This section describes a general method for manu-
facturing the waste package, as detailed in the
Waste Package Fabrication Process Report
(CRWMS M&O 1997a0). It is very likely that
each fabricator, subject to purchaser-procure-
ment-specification restrictions, will adjust the
manufacturing and inspection processes as neces-
sary within the limitations of the procurement
specifications. The fabrication concept described
in this section is for a disposal container designed
for uncanistered fuel. The fabrication of the other
disposal container designs is expected to be simi-
lar, varying only in size and in internal configura-
tion.

Forming the carbon steel outer barrier of rolled and
welded plate will require fabrication of two
half-length cylinders. Once received by the fabri-
cator, the plate would be laid out to establish the
specific length and then cut. The plate would then
be heated and rolled to size.

After the heating and rolling process, the cylinder
would be adjusted to achieve the required diameter
and inside circumference (travel). In adjusting the
cylinders, the fabricator must consider the antici-
pated shrinkage of the longitudinal seam weld.
The edges of the longitudinal joint would then be
cut to create the proper angle for the weld seam,
and cleaned. The seam where the two edges meet
would be strutted, or supported, to minimize distor-
tion during welding. The seam would be welded

Table 5-3. Waste Package Component Materials

Component

Material

Dual-barrier design

» Corrosion-allowance barrier
« Corrosion-resistant barrier

¢ Carbon steel, ASTM A 516 grade 55 or 70
= Alloy 22

Fuel tubes

Carbon steel (ASTM A 516 grade 55 or 70)

Interlocking plates

Neutronit A 978 (borated 316 stainless steel)

Waste package fill gas

Helium

Structural guides

Carbon steel (ASTM A 516 grade 55 or 70)

Canister guide for high-level radioactive waste

Carbon steel (ASTM A 516 grade 55 or 70)

ASTM-American Society of Testing and Materials

Note: Where a choice is indicated (ASTM A 516 grade 55 or 70), either of these materials could be used.
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using qualified filler material selected to be com-
patible with the base material.

Upon completion of the long seam weld, the cylin-
der would be heated in a furnace for about one-half
hour at 593 to 621°C (1100 to 1150°F). The struts,
or supports, would then be removed and the weld
seam tested for flaws. Techniques used for these
nondestructive examinations would include radio-
graphic, ultrasonic, and magnetic particle testing.
One end of the cylinder would be prepared for
welding a circular seam, in preparation for joining
two half-length cylinders to form a full-length
outer-barrier cylinder. The second cylinder would
be prepared in the same manner as the first.

The process for making the inner barrier, or cylin-
der, would be the same process as that described
for the outer barrier cylinder, in which two,
half-length cylinders would be fabricated. How-
ever, a high-nickel alloy material (Alloy 22) will
be used for the inner barrier.

The top and bottom outer barrier lids would be fab-
ricated from 110-mm- (4.3-in.-) thick ASTM A
516 plate. The plate would be laid out, the lid cut
to the correct diameter, and edges cleaned to
remove the slag and scale left behind from the cut-
ting process. The 25 mm (1.0 in.) thick inner bar-
rier lids would both be cut from a high-nickel alloy
plate. The edges of the top and bottom outer- and
inner-barrier lids are then machined in preparation
for welding to their respective counterparts.

The shrink fit process serves to “line” the outer cyl-
inder with the inner cylinder. This process requires
machining the inside surface of the outer cylinder
and the outside surface of the inner cylinder,
dimensioned so as to produce a slight interference
fit at room temperature conditions. After the sur-
faces have been machined, the outer carbon-steel
cylinder would be heated to expand it, following
which, the inner cylinder would be inserted. As the
outer cylinder cools, it compresses on, or “shrinks
around,” the inner cylinder, placing the inner cylin-
der in compression and the outer cylinder in ten-
sion.

Once the inner and outer cylindrical assemblies
have been assembled into a single unit, the lower

lids must be installed and welded in place.
Normally, the lid installation would be done with
the cylindrical assembly in an inverted vertical
position (bottom end up) with the cylinder placed
in a pit and the welder suspended above the
assembly to weld the lids in place. The welding
would then be done in the flat position using the
same setup as for the longitudinal seam welds
performed during cylinder fabrication.  This
process includes installation of both lower lids.
Commercial weld processes include submerged
arc, gas-metal arc, and gas-tungsten arc. After
each lid weld is completed, the seam would be
examined, as appropriate. Radiographic and ultra-
sonic examinations ensure that all detectable flaws,
regardless of their orientation, are identified, and
any identified defects are then corrected.
Liquid-dye penetrant and magnetic-particle tests
ensure that any imperfections on the surface of the
welds are found.

The assembled disposal container (excluding the
top lids) would then be heated for three hours at
593 to 621°C (1100 to 1150°F). Following this
heat treatment, the accessible weld seams would be
re-examined.

Depending on the design configuration of the spe-
cific disposal container, the appropriate “basket”
components would be assembled and inserted. The
carbon steel fuel tubes likely would be welded
tubes. The interlocking plates would be simple
slotted plates, and no forming or joining would be
required. The structural guides would be formed
from plate and welded as necessary for subassem-
bly.

Once the cylinder was ready, the internal parts
would be attached to the inside of the cylinder.
The interior surface of the cylinder would be laid
out to establish the location of the structural
guides. These guides are installed first and would
be welded in place, most likely by manual,
gas-tungsten-arc welding. Next, the various inter-
locking plates would be installed, followed by the
fuel tubes. For those disposal container designs
which include canister guides, the canister guides
would be formed and welded as necessary for sub-
assembly, and then installed in the disposal con-
tainer.
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The inner and outer top lids and the container top
inner and outer weld preparations would then be
machined for the closure weld (to be performed
later at the repository surface facility). The
disposal container and the top lids would then be
prepared and shipped to the repository for storage
until they are ready to be loaded and sealed.

5.1.3 Evaluations to Support Waste Package
Design

The information in this section addresses aspects of
the NRC Key Technical Issues of Structural Defor-
mation and Seismicity (NRC 1997a), Evolution of
Near-Field Environment (NRC 1997b), and
Container Life and Source Term (NRC 1998a).
This section describes the different mathematical
calculations and computer-based models used to
develop waste package designs that meet all the
necessary criteria for the proposed design and
support the waste containment strategy. The
section is divided into four topics, each of which
affects the performance of the waste packages or
the performance of the total repository during oper-

ational and postclosure phases. The following top-
ics are covered:

* Criticality analysis and control

* Thermal studies

* Structural evaluations

* Shielding requirements
5.1.3.1 Criticality Analysis and Control
Criticality is the condition of an accumulation of
fissionable materials that can sustain a neutron
chain reaction. The propensity for such an accu-
mulation to achieve criticality is measured by the
effective multiplication factor, k.g; for a critical
accumulation, kegr = 1.0. The objectives of critical-

ity analysis and control are to minimize the occur-
rence of criticality events and to maintain the risk
to the public from such events at an acceptably low
value. The criticality potential will vary as a func-
tion of time after the waste packages have been
emplaced due to the changes caused by radioactive
decay, the degradation of the waste packages, and
changes in the repository environment. The

method for demonstrating criticality control is dif-
ferent for the preclosure and postclosure periods.

The method for analyzing the potential for critical-
ity during the preclosure phase is similar to the one
currently used by facilities temporarily storing
spent nuclear fuel. The effective neutron multipli-
cation factor (k.g) or criticality potential is calcu-

lated for specific events for designs for
components containing spent nuclear fuel or waste
with fissionable material. The Kk ¢ calculated must

be 1.0 or greater for a criticality to occur. As indi-
cated in Section 3.1.3, NRC requires that criticality
safety be provided by ensuring a 5 percent margin
in addition to allowances for any bias in the
method used to perform the calculation and the
uncertainty in the experiment used to validate the
method of calculation (10 CFR 60.131[h]).

The evaluations are performed for events and
processes that reflect the range of possibilities in
the repository environment. The kg for each type

of waste package design must be evaluated sepa-
rately including differences in the waste forms.
The evaluations that identify what can be loaded
into a waste package of a specific design are
referred to as loading curve evaluations. These
evaluations result in plots that give the acceptable
range for material to be placed in the specific waste
package designs. The plot considers the initial
concentration of uranium-235 (enrichment) and the
time and power at which the nuclear fuel operated
(burnup). The aspect of burnup is discussed later
in this section.

Methods for analyzing postclosure criticality are
being developed because neither the current meth-
ods for assessing criticality, nor the standard fea-
tures for controlling criticality consider the
changes that occur over long periods of time. The
methods being developed are most recently docu-
mented in the Disposal Criticality Analysis Meth-
odology Technical Report (CRWMS M&O
1997g). The general process for analyzing the
potential for criticality of commercial spent nuclear
fuel during the postclosure phase is discussed in
the following paragraphs.
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The waste packages will be designed to preclude
criticality unless they are sufficiently degraded to
permit the entry of water followed by some degra-
dation of the inner structure (basket) and/or waste
form. The variety of possible degradation scenar-
ios is developed as part of the overall method as
shown in Figure 5-5. This flow chart indicates that
the analysis begins with identifying applicable deg-
radation scenarios based on the following major
categories of information: waste form characteris-
tics, waste package design, repository site charac-
teristics, and material degradation characteristics.
Figure 5-5 also indicates how the scenarios are
traced to identify final configurations with the
potential for criticality, and how the configuration
specifications are refined by degradation analysis
(principally using geochemistry computer pro-
grams guided by information on mineralogical
changes over geologic time scales). After k¢ cal-

culations have identified the configurations that
can become critical, including specific parameter
ranges, the probabilities of the occurrence of such
configurations can be estimated.

The first steps in the method for analyzing
“degraded mode” criticality involve assessing the
scenarios that can lead to configurations with the
potential for criticality. A sequence of degradation
stages, starting with a 21 pressurized-water reactor
waste package having the insoluble degradation
products remaining in the waste package, is shown
in Figure 5-6. In this figure, the successive stages
of degradation are characterized by increasing
amounts of iron oxide, which reflects the progres-
sive corrosion of the steel basket material. The
details of the degradation processes are modeled by
a geochemistry code. This code is used to compute
amounts and chemical compositions of the degra-
dation products, using input parameters to describe
the following: chemical components of water flow-
ing into the waste package, and corrosion rates of
the steel and the waste forms. Of the degraded
stages represented in Figure 5-6, only the last three
have the potential for criticality. The earlier stages
have sufficient boron remaining in the basket steel
to prevent criticality.

Figure 5-7 represents further stages of degradation
of the waste package barriers. The nominal

assumption is that the inner barrier material will
last longer than the assemblies' spacer grids and the
cladding on the individual fuel rods (20 mm of
Alloy 22, 0.7 mm of Zircaloy). Therefore, only a
few rods are expected to remain intact by the time
the waste package barriers have completely
degraded (see Figure 5-7 B, C). The flat surface
shown in each of the diagrams represents the drift
floor, and the branched structures shown below the
drift floor (in diagrams B, C, D) represent fractures
with the potential for accumulating fissionable
material and filling with water. If the Zircaloy
turns out to corrode so much slower than the Alloy
22 that the assembly spacer grids and cladding last
longer than the waste package Alloy 22, then an
alternative configuration (not shown in Figure 5-7)
could have some undegraded assemblies stacked in
the drift after the waste package has completely
degraded. Such a configuration could not become
critical unless the drift were filled with water to a
depth sufficient to cover the assemblies. This is
believed to be highly unlikely because the leakage
through fractures in the drift floor would be at least
as fast as water could enter the drift through frac-
tures in the ceiling (see Section 4.4.4.2 of
Volume 3). This configuration will be evaluated
for the LA to confirm this assumption.

The annual risk associated with potential
criticalities is estimated as the product of the
annual frequency (probability) of occurrence
multiplied by the annual dose at the boundary of
the accessible environment and summed over all
possible criticality events.  The performance
assessment model is used to evaluate the dose rate
increment due to the criticality and to compare it
with the dose rate from the radionuclide inventory
emplaced in the repository as part of the
repository's TSPA (see Section 4.4.4 of Volume 3).
While the risk attributable to criticality events has
been found to be relatively small compared with
the performance measures for nominal repository
performance, criticality events are nonetheless
considered undesirable (CRWMS M&O 1996b).
Therefore, the approach also identifies and applies
additional control measures that can significantly
reduce the probability of criticality. Such a
strategy is part of the DOE defense in depth safety
strategy (see Section 2.4.1 of Volume 4). The
combined strategy of risk analysis and defense in
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depth is referred to as risk-informed, in accordance
with recent NRC comments on the subject
(NRC interoffice correspondence to L. Joseph
Calloy Executive Directory for Operations, “Staff
Requirements-COMSECY-96-061-Risk-Informed,
Performance-Based Regulation (DSI 12) April 15,
1997). It should be noted, however, that
current regulations on disposal criticality (10 CFR
60.131fh]) do not yet reflect this approach. The
NRC has stated (61 FR 64260) that these
regulations will be revised in the near future to
reflect the risk-informed approach for analyzing
the potential for criticality during postclosure
performance.

The method for evaluating the criticality of
commercial spent nuclear fuel will reduce the kg
by accounting for the net depletion of fissionable
material and the creation of neutron-absorbing
isotopes as a result of fission in an operating reac-
tor. This process is called burnup credit, and the
magnitude of the k.g reduction is proportional to
the amount of energy that was produced in the fuel
during reactor operation (burnup). The burnup
credit methodology presented here applies to
configurations inside the waste packages. Theoret-
ically, burnup credit can be applied to any spent
nuclear fuel, but only commercial nuclear fuel and
naval nuclear fuel have the complete burnup histo-
ries for the individual assemblies that will be
required to approve the method. The use of burnup
credit along with a risk-informed method will be
presented to NRC for acceptance in the form of a
topical report in early fiscal year 1999 (see
Section 2.4.1 of Volume 4).

The following design methods may be used sepa-
rately or in combination to control criticality:

» Limiting the amount of fissionable material
* Adding neutron-absorbing material

* Limiting the amount of moderator

(moderator displacement)

The first two are included in the VA reference
design; the third is a possible future option. The

implementation of these methods is explained in
the following paragraphs.

The value of k. is generally proportional to the

amount of fissionable material in the waste pack-
age. Therefore, it is possible to control criticality
by reducing the capacity of the waste package.
However, the required reduction in capacity is gen-
erally so large as to make this an extremely ineffi-
cient way to control criticality. Capacity reduction
is unnecessary for waste forms evaluated thus far.

The addition of supplemental neutron-absorbing
materials is a technically acceptable method for
controlling criticality. Credit for neutron absorbers
is routinely used in reactor and spent nuclear fuel
pool analyses. Controlling criticality with a neu-
tron absorber depends on keeping the absorber
with the fissionable materials. Therefore, potential
mechanisms for loss of the absorber material
through long-term processes, such as leaching or
preferential corrosion must be considered. Such
evaluations will determine the amount of absorber
available for controlling criticality during the vari-
ous phases at the proposed repository.

The amount of moderator in the waste package can
be limited by adding a non-contributing filler mate-
rial (typically metal shot). An effective filler mate-
rial must be sufficiently insoluble so that it, or its
corrosion products, remains in the waste package
over the time period of concern. The technique of
adding filler is called moderator displacement, and
in some circumstances, it may be an efficient way
to control criticality.

Development of a loading curve is one way of
quantifying the effectiveness of the measures to
control criticality. The technique consists of two
steps. The first is to calculate the k. for a set of
burnup-enrichment pairs that represent all the
expected types of fuel, particularly those expected
to give a value of k¢ that is near the upper subcrit-

ical limit. The upper subcritical limit is the limit
below 1.0 that accounts for bias in the computer
codes, uncertainty in the experiments used to vali-
date the code, and any additional margin (e.g., the
5 percent mentioned above for preclosure). The
second step is to fit this set of values of k¢ with a
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regression for kg as a function of initial enrich-

ment and burnup. This technique has been applied
to the waste package design for 21 uncanistered
fuel assemblies from pressurized-water reactors.
The results can be shown in terms of three different
examples of the regression, with kgg set equal to

the upper subcritical limit, under the following dif-
ferent configurations: intact basket with neutron
absorber remaining inside the waste package;
degraded basket with neutron absorber flushed
from the waste package and the iron oxide corro-
sion product distributed uniformly throughout the
waste package; and degraded basket, with iron
oxide settled to the lowest 3.5 rows of assemblies.
Figure 5-8 shows these three regressions plotted
against the distribution of commercial assemblies
from pressurized-water reactors. The loading
curves divide the fuel into the following two
groups: fuel that is subcritical (has a kg less than

the upper subcritical limit in the waste package),
represented by dots above and to the left of the
curve; and fuel that has a k¢ greater than the upper

subcritical limit, represented by dots below and to
the right of each curve. With this interpretation,
the three loading curves determine the fraction of
the fuel that has a criticality concern under three
different configurations as 3.2 percent, 5.7 percent,
and up to 11.2 percent, respectively (CRWMS
M&O 1997aq). Applying the third configuration,
which is the most conservative, this analysis sug-
gests that additional measures to control criticality
may be required for 11.2 percent of the fuel from
pressurized-water reactors. (Note that a small por-
tion of such fuel would be placed in a smaller
waste package, with capacity for 12 fuel assem-
blies, see Table 5-1).

The method for controlling criticality has also been
applied to waste forms other than commercial
spent nuclear fuel. The waste form closest to the
commercial spent nuclear fuel is the mixed-oxide
fuel (plutonium and uranium), presently planned to
be produced from surplus weapons plutonium for
use in one or more commercial light water reactors.
The criticality of this waste form has been evalu-
ated in the waste package designed for
21 pressurized-water reactor fuel assemblies as
used above. This waste package selection facili-
tates comparison between the commercial low

enriched uranium spent nuclear fuel having the
greatest criticality potential. For any stage of deg-
radation, and at any time after emplacement, the
ko for such a waste package will be below the

subcritical limit. This superior criticality perfor-
mance of mixed-oxide fuel is due to the fact that all
of the fuel will have a reasonably high burnup.
However, it should be noted that approximately
half of the spent mixed-oxide fuel is expected to
have too high a heat generation rate to be put in the
reference package for 21 pressurized-water reactor
assemblies. These assemblies would be put in
packages designed for 12 uncanistered assemblies
from pressurized-water reactors. These packages
are designed for fuel with high burnup, and there-
fore, would not require additional material to con-
trol criticality beyond that provided by the
carbon-steel inner basket.  Calculations have
shown this to be valid.

Even though the possibility of an internal criticality
event occurring inside the waste package is
extremely unlikely, the potential effects have been
estimated for such configurations. A full explana-
tion of consequence analysis can be found princi-
pally in the following two reports: Probabilistic
Criticality Consequence Evaluation (CRWMS
M&O 1997v) and Criticality Consequence Analy-
sis Involving Intact PWR SNF in a Degraded 21
PWR Assembly Waste Package (CRWMS M&O
1997c). For a worst case illustration, the criticality
event was taken to occur at 15,000 years after
emplacement. The following two general types of
criticality reaction might occur in the waste pack-
age: a slow approach to the critical configuration,
or a rapid approach that results in a short
high-power pulse.

If there were a slow approach to the critical config-
uration, the system feedback would control the
power output and could remain with k¢ at 1.0 for

many thousands of years, with a low power output
(less than 10 kW). Under such circumstances the
only consequence would be an increase in radionu-
clide inventory in the waste. The results for a
10,000-year criticality, documented in Probabilis-
tic Criticality Consequence Evaluation (CRWMS
M&O 1997v), showed that except for short times
at the end of criticality, the increase in radionuclide
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inventory is less than 10 percent on a single-pack-
age basis. If only a few waste packages were to
experience criticality, this small percentage incre-
ment averaged over the radionuclide inventory of
the entire repository would be insignificant.

If there were a rapid approach to criticality, the
system feedback would lag the power level rise,
and the kg would increase beyond 1.0, resulting in

a short high-power pulse. This transient criticality
would be quickly controlled by negative feed-
back. A transient criticality can achieve significant
energy only when the reactivity insertion rate
exceeds these negative counterbalancing effects by
a significant margin (technical details are described
in Criticality Consequence Analysis Involving
Intact PWR SNF in a Degraded 21 PWR Assembly
Waste Package [CRWMS M&O 1997¢]). The

results of the consequence analysis show that the
reference waste package returns to a subcritical
configuration, with the fuel temperatures and inter-
nal pressures remaining well below levels that
could melt fuel or generate more than minor effects
on adjacent waste packages. Consequently, criti-

cality events in a waste package would be
restricted to localized incidents and would not
involve additional waste packages or compromise
the repository barriers. The principal impact on the
environment external to the waste package experi-
encing a transient criticality event is the injection
of water vapor into the drift environment. This
water vapor will quickly condense on cooler,
nearby surfaces. This condensation, however, will
have no significant impact because it can be no
more than the amount of dripping water, which
condensed in the waste package in the first place.

In summary, the evaluations for a waste package
having 21 uncanistered spent nuclear fuel assem-
blies from pressurized-water reactors show that
the borated stainless steel interlocking plates ade-
quately control criticality for both low-enriched
and mixed-oxide fuel. However, a prudent defense
in depth strategy would suggest that of the com-
mercial spent nuclear fuel, the pressurized-water
reactor spent nuclear fuel with the greatest critical-
ity potential (11.2 percent of the total) be placed in
a waste package with the more robust control mea-
sure, Zircaloy-clad boron carbide absorber rods.

The criticality methodology has also been applied
to commercial nuclear fuel from boiling-water
reactors. As with the 21 pressurized-water reactor
waste package, the nominal 44 boiling-water reac-
tor waste package will have borated stainless steel
plates as the primary criticality control measure.
Preliminary analysis indicates that the nominal
criticality design will accommodate a larger frac-
tion of the 44 boiling-water reactor spent nuclear
fuel than does the nominal design for the
21-assembly waste package for pressurized-water
reactors.

Of the variety of DOE-owned spent nuclear fuel,
the aluminum-clad matrix fuels from research reac-
tors were found to be among those having the high-
est potential for criticality. The research reactor
specific fuel type selected for initial evaluation was
93.5 percent enriched. The waste package design
and supporting analyses for this spent nuclear fuel
are described in Evaluation of Codisposal Viability
for Aluminum-Clad DOE-Owned Spent Fuel:
Phase II Degraded Codisposal Waste Package
Internal Criticality (CRWMS M&O 1998f). To
date, evaluations have been exclusively concerned
with internal criticality events. Evaluating the
potential for external criticality events is planned
for fiscal year 1999, and the results will likely be
similar to those for immobilized plutonium, which
is also discussed in the second paragraph below.

For the aluminum-clad fuel from research reactors,
criticality was evaluated for a range of possible
configurations of degraded fuel within a co-dis-
posal waste package concept to identify the most
reactive configurations and determine the mini-
mum amount of neutron absorber required to
ensure that the subcritical limit was not exceeded.
The worst case (highest k.¢) configuration would
have the degraded, or oxidized, homogenized fuel
material in the intact inner basket inside the canis-
ter with both fissionable and neutron-absorbing
material uniformly distributed throughout the con-
tainer. The calculation of kg indicated that

approximately 1 kg (2.2 1b) of gadolinium would
be required to prevent criticality if stainless steel
were used for the basket material; 1.25 kg (2.76 1b)
would be required for carbon steel. Stainless steel
performs better because it contains some metals
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that are more neutron absorbing than iron, which is
the main constituent of carbon steel. Further, after
the stainless steel inner basket has degraded, less
than 0.5 kg (1 Ib) of gadolinium would be required.
If the basket were made of carbon steel, then less
than 0.25 (0.5 1b) kg of gadolinium would be
required. In this case, carbon steel would perform
better than stainless steel because stainless steel
typically undergoes localized attack (e.g., pitting).
(CRWMS M&O 1998f). Based on the analysis of
the aluminum-based fuel, which demonstrates that
an acceptable design for disposal can be devel-
oped, the other DOE fuel types are also expected to
be found suitable for disposal.

Another waste form that contains fissionable mate-
rial is the ceramic matrix including plutonium
(thereby rendering it immobilized), and neutron
absorber for criticality control, described in
Section 5.1.1. This waste form is designed so that
the type and quantity of neutron absorber included
are sufficient to prevent criticality in intact config-
urations, even if the waste package were filled with
water. For criticality to occur in or near a waste
package of immobilized plutonium waste form,
most of the neutron absorber would have to be
separated from the fissionable material. This
ceramic matrix contains gadolinium and hafnium
as neutron absorbers, since they are very insoluble.

The gadolinium in the immobilized plutonium
waste form could become soluble, if the solution in
the waste package were to become acidic, and if
the gadolinium existed as a potentially soluble
compound, such as gadolinium oxide. Under such
acidic conditions, which are very unlikely, the gad-
olinium could be flushed from the waste package
(CRWMS M&O 1997d, Degraded Mode Critical-
ity Analysis of Immobilized Plutonium Waste
Forms in a Geologic Repository). Such a possible
loss of neutron absorber could be compensated for
by limiting the total mass of fissionable material
per waste package to less than 50 kg (110 1b).
Such a loss of neutron absorber can also be pre-
vented by using an insoluble gadolinium com-
pound or a more insoluble absorber element, such
as hafnium.

The method for evaluating the potential for critical-
ity extends to the possibility that external criticality

occurs in the environment outside the waste pack-
age. The method entails ‘estimating the amount of
fissionable material that could be transported by
the solution trickling out of the waste package, and
estimating the accumulation of fissionable material
that can occur by extracting the dissolved material
from this solution. This method has been applied
to commercial low-enriched spent nuclear fuel,
mixed-oxide fuel, and immobilized plutonium.
The analyses and results, which vary with the pos-
tulated location of the dissolved fissionable mate-
rial in the external environment, are summarized in
the following paragraphs (adapted from the
CRWMS M&O 1997k, Evaluation of the Potential
Jfor Deposition of Uranium/Plutonium from Reposi-
tory Waste Packages).

There is little likelihood of accumulating fission-
able material immediately below the waste pack-
age, in the invert, the drift lining, or the first few
meters of rock downward for the following reasons
that depend on the pH of the dissolving and trans-
porting solution:

* A neutral pH would cause very little
deposition of solids of any sort because there
is little reaction with the tuff, and virtually
no deposition of fissionable material because
of its low concentration.

A low pH (acidic conditions) would cause
significant deposition of solids, completely
filling the void space at some levels, but very
little of that material would be fissionable.

A high pH would have both the necessary
high concentration of fissionable material
and the reaction with the tuff to produce an
accumulation of fissionable material in the
void space of the invert and the fractures of
the rock immediately below the waste pack-
age. Even in this case, however, the maxi-
mum amount of fissionable material that can
be deposited in the zone of highest concen-
tration (nearest the waste package) is more
than an order of magnitude less than that
necessary for criticality.

Further from the emplacement drift, the extensive
zeolite deposits beneath the proposed repository
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site suggest the potential for plutonium or uranium

accumulation by adsorption. However, conserva- .

tive analyses show that the maximum uranium
concentration that could be accumulated is
0.166 percent by weight as reported in Waste Pack-
age Probabilistic Criticality Analysis: Summary
Report of Evaluations in 1997 (CRWMS M&O
1997aq). If this number were reduced by the
50 percent maximum zeolite concentration in the
rock, the density is much too small to form a criti-
cal mass, even if the most favorable possible
geometry (spherical) and the presence of sufficient
water for moderation were assumed.

Several hundred meters from the emplacement
drift, there is a possibility (but very unlikely) of
localized deposits having the potential for a reduc-
ing chemical reaction that could precipitate signifi-
cant amounts of dissolved uranium. The
credibility of such localized deposits may be
inferred from natural analogs. This analysis
showed that even though epigenetic (materials
deposited much later than the host rock) uranium
mineral deposits vary in size and grade, a reducing
environment is required to cause the precipitation
of a uranium mineral. An extensive search of the
literature shows six possible types of reducing
media: upwelling hydrothermal fluids (water that
comes from heated rock), methane, hydrogen sul-
fide, organic logs, petroleum, and partially oxi-
dized vanadium. Site characterization activities at
Yucca Mountain have not shown the presence of
more than trace amounts of these media. Thus, the
precipitation of uranium minerals by any reduction
mechanisms is estimated to have an extremely low
probability. Because site characterization activi-
ties are still ongoing, new data will be evaluated as
it becomes available, to determine if any of these
necessary conditions are observed.

The next step in evaluating the potential for exter-
nal criticality events is to estimate the kg for those

significant accumulations that are representative of
the range of possibilities. Such an evaluation is
illustrated by considering accumulations of ura-
nium and plutonium in the rock immediately under
the waste package, as illustrated by the branched

structures extending below the surface in
Figure 5-7 B, C, and D. Even using the most con-

servative assumptions of fracture density, concen-
trations of fissionable material (uranium or
plutonium) in the groundwater, and duration of
high concentration outflow from the waste pack-
age, the evaluations showed the accumulation of
material would be more than an order of magnitude
smaller than would be required for a critical mass.
This situation would be true even if the optimum
concentration of water were available for modera-
tion.

The most important results of the criticality evalua-
tions can be summarized as follows:

» Insoluble neutron absorber either in the
basket internal to the waste package (for
spent nuclear fuel assemblies) or in the waste
form itself (for non-fuel waste forms) will
make internal criticality very unlikely.

Evaluations of external criticality scenarios
and configurations have found no physical
mechanisms capable of accumulating a
critical mass.

In the unlikely event of a criticality occur-
rence, the increase in radionuclide inventory
and any power transient will have negligible
impact on the repository's performance.
5132 Thermal Studies
The temperatures in the waste package and the
near-field rock are key to isolating radionuclides.
Heat reduces the relative humidity in the emplace-
ment drift and therefore slows the corrosion of the
metal barriers of the waste package. Further, heat
will evaporate water in the rock and thus prevent
the transport of dissolved or suspended radioactive
materials. However, excessively high tempera-
tures negatively affect the waste package, its con-
tents, and the rock. Therefore, as discussed in
Section 3.2.1, maximum (peak) allowable tempera-
tures are set based on criteria for material perfor-
mance and are specified as design goals for the
waste package and engineered barrier system.
Peak temperature limits for the waste form(s) and
the repository rock are important factors for the
thermal design of the waste package. To prevent
cladding degradation and prolong the life of the
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contained waste form inside, peak temperatures for
the cladding of commercial spent nuclear fuel are
to remain below 350°C (662°F). This limit on tem-
perature is conservative and is designed to protect
the metal tubing from cracking or splitting at high
temperatures (creep rupture). Maintaining clad-
ding integrity for as long as possible delays contact
of air with the waste form and the subsequent onset
of waste form degradation. Peak temperatures for
high-level radioactive waste glass are to remain
below 400°C (752°F) to avoid the temperature at
which glass assumes a form that does not effec-
tively isolate the radionuclides (crystallization tem-
perature). And finally, peak rock temperatures are
to remain in the following section, 200°C (392°F)
at the drift wall and 90°C (194°F) at the zeolite
layer, to limit the expansion of the rock at the drift
walls and to protect the natural characteristics of
the underlying zeolite layer which tends to attract
and adsorb certain radionuclides. Such expansion
could cause the rock to shift and affect the struc-
tural stability of the drifts.

This section discusses how the thermal models are
generated and used to estimate the peak tempera-
tures. It also presents how effective thermal con-
ductivity is used to predict peak cladding
temperatures in commercial spent nuclear fuel and
how the heat output from the waste package is cal-
culated. The effect of the heat generated by the
waste form in the waste package (thermal loading)
on the surrounding rock and emplacement drifts is
also covered. The last subject discussed is the ther-
mal evaluation for the emplaced waste package.

The thermal models for these evaluations were
generated using specialized computer software
that performs finite-element analyses. The thermal
models intentionally provide a conservative esti-
mate of peak temperatures, both within the waste
package and in the emplacement drift. The thermal
models consider heat transfer by conduction
through material and thermal radiation from mate-
rial surfaces. These models do not consider heat
transfer by gaseous convection or thermal-hydro-
logical flow within the rock. Convection is
expected to be negligible inside the waste package
because the helium fill gas has low buoyancy com-
pared to its conductivity. Convection in the
emplacement drift air can also be conservatively

neglected since there will be little drift ventilation,
and the low conductivity of the rock will result in
near-field surface temperatures in a range where
thermal radiation becomes the dominant
heat-transfer mechanism.

Temperatures in the repository rock will signifi-
cantly affect water-transport mechanisms. Simi-
larly, liquid-transport and  vapor-transport
mechanisms will affect the peak temperatures in
the repository. However, the effects of water flow
always reduce temperatures in the near-field envi-
ronment. Therefore, temperature results of con-

duction/radiation models are always conservative
compared to thermal-hydrological calculations.

The method for conducting thermal evaluations
involves a three-step approach to determine the
time-dependent thermal behavior of the waste
package. First, a three-dimensional, transient
finite-element model of the waste package when it
is emplaced provides the history of the surface
temperature of the package. Second, this history
can be used as a boundary condition in a more
detailed evaluation of waste package internals.
Finally, the resulting predictions of the temperature
of the inner basket from the waste package model
provide the boundary for estimating peak tempera-
tures for the fuel cladding.

The thermal environment in the repository will
change with time and is affected by the rate of
change in the heat produced by the waste packages.
Therefore, the thermal evaluation must take into
account the time varying heat load of the waste
package. This process is called a transient analy-
sis. To determine the interaction between waste
packages of varying heat output, a three-dimen-
sional analysis is required. Within the emplace-
ment  drift, individual  waste  packages
communicate thermally with each other and the
drift wall via thermal radiation, thus resulting in
variations of the axial temperature in the drift.

Effective thermal conductivity is used to predict
peak cladding temperatures for spent nuclear fuel
assemblies. This method, developed in the Spent
Nuclear Fuel Effective Thermal Conductivity
Report (CRWMS M&O 1996i), provides a best
estimate of peak cladding temperatures compared
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to correlations such as “Wooton-Epstein,” which
produces an undetermined degree of conserva-
tism. Such conservatism often causes a product to
be over-designed and more expensive. Rather than
modeling the waste package and every fuel rod in
every assembly, this method models the fuel
assemblies as a smeared (distributed) solid volume
with uniform volumetric heat generation. In this
model, the smeared properties represent the com-
bined thermal radiation and gaseous transport of
heat from the fuel rods to the inner-basket struc-
ture.

To determine the appropriate effective thermal
conductivities for assemblies from  pressur-
ized-water and boiling-water reactors, detailed
thermal models (see Figure 5-9) of typical fuel
assemblies were developed using a finite-element
computer code. Vacuum conditions and fill gases
of helium, nitrogen, and argon were evaluated with
various rod array sizes (e.g., 8 by 8 assemblies
from boiling-water reactors or 15 by 15 assemblies
from pressurized-water  reactors). For
boiling-water reactor fuel, the evaluation consid-
ered the effects of channels between fuel assem-
blies, cladding oxidation, locations of guide tubes
and water rods, emissivity variation, and
inner-basket temperature gradients. Calculated
effective thermal conductivities were found to be
highly temperature-dependent due to the contribu-
tion of thermal radiation with little dependence on
assembly heat output.

Results from this method were compared to those
from previous applications using alternate methods
and to actual test results from spent-fuel storage
casks. The comparisons to experimental data and
test calculations indicate that the effective thermal
conductivities provide a best estimate of cladding
temperatures within a spent-fuel waste package.
Further, the effective thermal conductivities were
consistent with single-point values previously pub-
lished by vendors supplying storage casks.

To adequately describe the performance of the
waste package, the waste form, and the repository
near-field, representative heat outputs for the con-
tents of the waste packages must be determined for
each waste package design. In addition to esti-
mates for average heat output for typical packages,

design basis heat outputs must be specified to
bound maximum temperatures for a given type of
waste package. Repository performance is sup-
ported both by demonstrating that peak tempera-
tures remain in the following section the goals for
the highest or design-basis heat output assemblies
or canisters, and by knowing the average, or nomi-
nal, repository thermal response.

The analysis titled Preliminary Design Basis for
WP Thermal Analysis (CRWMS M&O 1997t)
developed the average and design-basis heat output
as a function of time for each of the waste package
designs. Table 5-4 summarizes the initial heat at
the time of emplacement for each waste package
design described in Section 5.1.2.

Consistent with the licensing of other types of
spent nuclear fuel containers, design basis assem-
bly characteristics are defined as part of the design
solution for a given waste package design. Each
waste package type must be designed and evalu-
ated for the bounding or limiting case fuel assem-
bly that may have a thermal output much higher
than average. The design basis fuel represents the
limiting characteristics for a fuel assembly that can
be loaded into a specific waste package design.
Thermal evaluations must consider the variability
in the heat output of the waste package-from in the
following section average to the hottest case with
design-basis assemblies. While all of the waste
packages will collectively influence repository
temperatures, every waste package design must
meet thermal goals.

The first step in the thermal evaluation of the
emplaced waste package is to determine the effect
of decay heat from the waste package on the repos-
itory host rock. The initial heat output from a
design basis assembly from a pressurized-water
reactor can be more than 75 percent higher than
average, which can greatly affect the early temper-
atures of the repository. However, long-term ther-
mal behavior of the repository rock is primarily a
function of the areal mass loading or tons of spent
nuclear fuel emplaced per acre. The repository
response will be determined more by the integrated
heat from the emplaced spent nuclear fuel and less
by the initial heat of the individual waste packages.
For a given areal mass loading and assuming aver-
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Table 5-4. Waste Package Heat Output at Emplacement

21 PWR — No Absorber

21 PWR — Absorber Plates

21 PWR — Absorber Rods, No Plates

12 PWR — No Absorber

12 PWR — Absorber Plates, Long

44 BWR — No Absorber

44 BWR — Absorber Plates

24 BWR — Thick Absorber Plates

Canistered Commercial Spent Nuclear Fuel (WESFLEX 44 BWR)

Canistered Commercial Spent Nuclear Fuel (WESFLEX 24 BWR)

5-HLW Canister:

Hanford Site

Savannah River Site

Idaho Environmental and Engineering Laboratory
West Valley Demonstration Project

5-HLW/DOE-Owned Spent Nuclear Fuel

5-HLW/DOE-Owned Spent Nuclear Fuel — Long

Naval Spent Nuclear Fuel — Canistered — Short

Naval Spent Nuclear Fuel — Canistered — Long

4-Multi-Canister Overpack

DOE-Owned Spent Nuclear Fuel — Miscellaneous

*To be determined

+kilowatt equals one thousand watts
PWR-pressurized-water reactor
BWR-boiling-water reactor
HLW-high-level radioactive waste

age spent nuclear fuel characteristics, the average
temperatures for the host rock can be determined
and then applied as the environment for a detailed
thermal analysis of the near-field.

To determine the effect of the waste package on
repository near-field temperatures, a three-dimen-
sional model of multiple emplaced waste packages
was developed. The model was evaluated for a
parametric set of thermal loadings, waste package
arrangements and rock properties. The calcula-
tions will be described in detail in Multiple WP
Emplacement Thermal Response - Suite 1
(CRWMS M&O 1998i). ‘

Figure 5-10 shows the temperature in and around
the emplacement drift one year after emplacement
for the reference thermal loading of 85 metric tons
(94 tons) of uranium per acre. Without significant

forced ventilation, temperatures rise above the
boiling point of water in less than one year. During
the early time period, the temperature varies due to
variations in the heat output from the waste pack-
ages.

The variations in temperature along the length of
the drift decrease with time as heat is redistributed
due to thermal radiation and the heat output of the
individual packages decreases. The repository
rock conducts the heat away slowly, so average
drift wall temperatures continue to increase until a
peak time of about 50 years after the waste pack-
ages have been emplaced. Peak drift wall tempera-
tures near packages with design basis fuel occur
earlier due to the high local heat output.

Four years after the waste packages have been
emplaced, all sections of the drift wall are above
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the boiling point of water. After 20 years, the
entire drift wall is above 150°C (302° F), while the
rock mass between the emplacement drifts is just
reaching the boiling point. Depending on the loca-
tion, average rock temperatures at the repository
horizon may stay above the boiling point (100° C,
212° F) for hundreds to thousands of years. The
temperature response after 100 years is largely
dominated by the design thermal loading, and the
variations in temperature between different
emplacement locations at later times are small. For
the cases analyzed, peak rock temperatures
occurred adjacent to a waste package for 21 pres-
surized-water reactor assemblies with design basis
fuel. The most conservative case was selected as
the basis for evaluating the internal temperatures of
the waste packages. However, peak temperatures
of the rock wall are near the limits for the most
thermally stressing cases. Average temperatures
and peak temperatures near other waste package
types were always well within the temperature lim-
its for the rock for all of the cases considered.

To determine the sensitivity of the rock thermal
properties on the temperature calculations, differ-
ent assumed parameters for site properties such as
the conductivity of the rock were analyzed. It was
concluded that the rock properties significantly
impact the magnitude of peak temperature predic-
tions for the emplacement near-field.

Benchmark testing of the thermal models to actual
rock thermal behavior cannot be performed until
drift-scale thermal tests in the Exploratory Studies
Facility are completed. Therefore, it is not known
at this time if the most conservative temperature
results are too conservative. Several conservative
assumptions related to conductivity, ventilation,
heat output, thermal hydrology, and waste package
arrangement have been compounded in these eval-
uations.

Peak temperatures inside the waste packages
occur much earlier than the peak temperatures in
the repository rock. The timing and magnitude of
the peak temperature is a function of both the ther-
mal environment in the emplacement drift and the
time-dependent heat output for each individual
waste package. The analysis of internal tempera-
tures concentrates primarily on evaluating design

basis heat output; therefore, the solution results
indicate the bounding or worst case, and not the
nominal or expected internal temperatures.

Two-dimensional and three-dimensional
finite-element thermal models were developed for
most of the waste package design types described
in Section 5.1.2. Surface temperature histories
from the emplacement-scale evaluations provide
the boundary condition for transient thermal anal-
yses of the waste forms and the internal structures
of the waste package. For commercial nuclear
fuel, a two-dimensional cross-section model is
adequate to determine peak temperatures.
However, for high-level radioactive waste glass,
both two- and three-dimensional models were
used.

As depicted in Figure 5-11, the peak temperature
of the fuel cladding in the 21 PWR waste package
is 332°C (630°F) and occurs two years after
emplacement—much sooner than the peak temper-
atures occur in the surrounding rock (Thermal
Evaluation of Preliminary 21 PWR UCF Design -
Internal Structures CRWMS M&O 1997at). The
magnitude of the peak temperature results from the
combination of temperature drop from
center-to-edge of the waste package and the envi-
ronment temperature in the emplacement drift.
The internal temperature drop depends on the heat
load and the material design of the inner basket,
while the environment is influenced by all of the
factors discussed in the previous section. There-
fore, a change in rock properties, for example, will
directly affect the peak cladding temperature. A
less conservative rock conductivity would reduce
drift temperatures. This effect would directly
result in a reduction in peak cladding temperature.
Maintaining the integrity of the cladding prolongs
the life of a barrier between the waste form and any
water or oxygen that may enter a breached waste
package. The peak cladding temperature will have
dropped significantly after the first 100 years.
Section 5.5.2 of Volume 3 discusses the impor-
tance of cladding in repository performance.

Several design options for each type of waste pack-
age have been considered. For example, using the
aluminum plate (thermal shunt) will lower peak
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cladding temperatures in the waste package design
for 21 assemblies from pressurized-water reactors.
Similar calculations were performed for each waste
package design.

In summary, the results for the thermal evaluation
indicate that maximum temperature limits can be
met for each of the waste package designs.
However, in some cases that use the most conser-
vative estimates, the peak temperatures may be at,
or near, the maximum allowable temperatures.
This work addresses aspects of the subissue
“effects of coupled processes on waste package
lifetime” associated with the Evolution of the
Near-Field Environment Key Technical Issue
(NRC 1997b). Status information about this subis-
sue is summarized in Volume 4, Section 4.3.3.3.
(NRC 1997b).

5.1.3.3 Structural Evaluations

To demonstrate compliance to preclosure radiolog-
ical goals and objectives (Section 3.4), all of the
designs for the waste packages are evaluated to see
how they will react under certain off-normal or
accident conditions, or design basis events
(CRWMS M&O 1997au). The following three
main types of evaluations assess what happens: if
the waste package were dropped during handling,
either at the surface or underground; if the waste
package were to tip over; and if rocks were to fall
onto waste packages lying horizontally in the drift.
The designs have also been evaluated for their per-
formance under other unusual conditions, such as
the impact of an object released under force, or
pressure. Evaluations also determine how the dif-
ferent designs behave when they are pressurized,
or exposed to heat, or are lifted during handling.
This section briefly describes the tests and the cri-
teria that must be met.

Some of the design basis events for handling
involve dropping the waste package. For example,
it is possible that the waste package could be
dropped while being held vertically from a height
as high as 2.0 m (6.6 ft). A drop while the package
is being held horizontally could be from as high as
24 m (7.9 ft). These analyses are performed to
verify that the waste package does not crack or

break open, and that the inner basket does not
deform so that the fuel assemblies are crushed or
pinned inside the basket such that they could not be
easily removed.

A finite-element computer code has been used to
evaluate the standard waste package designs for
these types of drops. The analyses are performed
on three-dimensional geometries and calculate the
immediate dynamic impact, which includes the
elastic-plastic properties of the material and
nonlinear deformation. The drop evaluations are
performed for the following orientations given in
degrees from vertical: 0, 30, 60, and 90. Drops are
also performed with the center of gravity over the
corner of the package. The drops for 90 degrees
from vertical are also run at interlocking plate
orientations in the inner basket of 90 degrees and
45 degrees. Evaluating these drops determines the
angle, or orientation, that causes the most damage
to the basket. The analysis for the 45-degree
basket orientation is documented in Horizontal
Drop of the 21-PWR Uncanistered Fuel Waste
Package on Unyielding Surface with 45 Degree
Basket Orientation (CRWMS M&O 1998g) and
the computer results are presented in Figure 5-12.
Shown in the figure are stress contours, identifying
the locations where stresses are high or indicating
the weakest points in the design of the basket and
the waste package barriers based on a drop design
basis event. The results given in the horizontal
drop analysis show that the maximum membrane
plus bending stress on the inner barrier is 417 MPa.
A comparison of this value with the allowable
stress (0.9S,), 621 MPa, reveals that the inner

barrier design meets the American Society of
Mechanical Engineers Code requirements.

The stresses determined in these evaluations, as
well as the two other types of evaluations described
in the following sections, are compared with allow-
able limits for stress intensity from the 1995 ASME
Boiler and Pressure Vessel Code, Section III, Sub-
sections NB and NG and Appendix F
(ASME 1995). The material design stress, yield
strength, and tensile strength are taken from the
1995 ASME Boiler and Pressure Vessel Code,
Section 1II.
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Figure 5-12. Two-Meter Drop of 21 Pressurized-Water Reactor Waste Package, Horizontal-45 Degree Basket
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Another design-basis handling event is the waste
package tipover. A waste package can tip over as a
result of being dropped, or from seismic activity.
These evaluations, performed using the same anal-
ysis code, have the same objectives as those given
for the evaluations described for dropping the
waste packages. However, the evaluations are per-
formed only for the orientation of the drop that
would cause the most damage to the inner basket.
The analysis is documented in the UCF WP
Tipover Analysis (CRWMS M&O 1998]) and the
computer results are presented in Figure 5-13.
Shown in the figure are stress contours identifying
the locations where stresses are high or indicating
the weakest points in the design of the basket and
the waste package barriers based on a tip over
design basis event. The results given in the UCF
WP Tipover Analysis show that the maximum
membrane plus bending stress on the inner barrier
is 456 MPa. A comparison of this value with the
allowable stress (0.9S5,), 621 MPa, reveals that the

inner barrier design meets the American Society of
Mechanical Engineers Code requirements.

It is also possible for rocks or a drift lining to fall
onto a waste package after it has been emplaced.
Therefore, these events must be evaluated both for
fully intact waste packages that have been recently
emplaced in the repository and also for packages
that have begun corroding. The rockfall evalua-
tions determine the sizes of the rock, or critical
rock mass, that can cause the package to crack or
open. Corroded packages are represented as pack-
ages with thinned barriers. In these analyses, the
critical rock mass to breach a package is plotted
versus the thickness of the barrier (walls of the
waste package) remaining. These analyses are also
performed using the computer program described
above. However, the main criteria for these evalu-
ations are to avoid breaching the barriers and to
maintain the geometry of the material used to
prevent internal criticality. Pinning of the fuel is
not an issue because after the repository has been
closed, as the waste package and fuel no longer
have to be retrievable. The computer results are
illustrated in Figure 5-14. Shown in the figure are
stress contours in the waste package barrier caused
by the impact of a rock. The following three sepa-
rate analyses may be referred to for more detail:

Rock Size Required to Cause a Through Crack in
Containment Barriers (CRWMS M&O 1996h);
Rock Size Required to Breach Barriers at Different
Corrosion Levels (CRWMS M&O 1996g); and
Emplaced Waste Package Structural Capability
Through Time Report (CRWMS M&O 1996a). It
has been concluded from these analyses that when
there is no degradation of the barriers, the waste
package is capable of withstanding the fall of a
38,000 kg (83,755 Ibs) rock, which is considerably
more than the design basis rock mass (25,000 kg,
or 55,115 lbs).

As mentioned in the introduction to this section,
evaluations have been performed and are docu-
mented in the Missile Impact Analysis of UCF
Waste Package (CRWMS M&O 1997p) to deter-
mine if the waste package can survive impacts of
objects or missiles, which result from the failure of
pressurized components. This design basis event
comes from the design basis event document. The
evaluation performed was based on the impact of a
0.5 kg (1 Ib) missile 0.01 m (0.4 in.) in diameter
propelled at 5.7 m/s (18.7 ft/s). The calculations
showed that this event was inconsequential in
terms of stress on the waste package barriers.

Evaluations reported in the UCF WP Handling and
Lifting Analysis (CRWMS M&O 1997am) have
also determined if waste packages can be lifted
vertically and horizontally as designed. These
analyses were performed as static analyses, with
stresses being compared to allowables determined
from the 1995 ASME Boiler and Pressure Vessel
Code, Section III, Subsection NB (ASME 1995).
The material design stress, yield strength, and
tensile strength are taken from the 1995 ASME
Boiler and Pressure Vessel Code, Section II
(ASME 1995). This analysis was performed for a
package weighing 70,000 kg (154,322 1b). At the
time that the analysis was performed, this weight
addressed the heaviest package expected at the
repository. The waste package design for naval
spent nuclear fuel, however, exceeds 70,000 kg,
and therefore, an analysis to support the heavier
weight will be performed. Results showed that the
70,000 kg package could be lifted both ways.

Static load, thermal stress, and internal pressuriza-
tion were analyzed together in the UCF Static




Preliminary Design Concept for the Repository and Waste Package

N

Volume

$81|qLIBSSY (8N4 PaIsiSIUBOUN JOJOBaY JOIBM-DOZLINSSaId |Z 10} SISA|

BdH 0S¥
BdH 007 -

BdW 0SE
ean 00f
BdW 0ST

BdW 002
BdW 0ST =

equ 001

edW 05 .
=

BdH 2°0

BdW 0S7=XV¥HW

BdW 7 0=NIW

LNIS

PIS  T=EWIL

S= €S

£E=dd3.LS
NOILNTOS TYAON

866T LT €34
1°S SASNY

uy Jenodi] sbexoed aisepy ‘£1-S ainbig




Viability Assessment of a Repository at Yucca Mountain

5

DOE/RW-0508/V

SBI|qUIBSSY [9N4 PaIaSIUBIUN J0JOBSY JBJBM-PaZINSSald | 10} SisAjeuy |[epjooy abexoed aisepm v1-G ainbig

Inaon

NOILNTOS "TWAON

966T 6 ON¥
1°S SASNY

38

wy



Preliminary Design Concept for the Repository and Waste Package

Volume 2

Load, Thermal Expansion Loads, and Internal
Pressure Analysis (CRWMS M&O 1997al). Both
the stresses in the barriers and the internal pressur-
ization were very low. Even with the static load
added in, the barrier stresses were still inconse-
quential. The internal basket components were
sized not to be stressed by thermal loads.

Static structural analyses were performed through
time as the barriers and basket components cor-
rode. Corrosion was modeled as thinning of the
components. These evaluations, documented in
the Static Structural Analyses of Waste Packages
in Degraded States (CRWMS M&O 1996)),
showed that the waste package can withstand static
loads, including those imposed by backfill, until
the entire outer barrier and more than half of the
inner barrier have corroded away, which will take
thousands of years. Internal basket components
will be able to maintain their geometry until they
have corroded halfway through their thickness.
The inner basket would not begin to corrode until
the barriers of the waste packages have been
breached.

The work described in this section addresses
aspects of the subissue “What are the effects of
materials stability and mechanical failure on the
lifetime of the containers and the release of radio-
nuclides to the near-field environment?” This sub-
issue is associated with the Container Life and
Source Term Key Technical Issue (NRC 1998a).
Status information about this subissue is summa-
rized in Volume 4, Section 4.3.3.4.

5.1.34 Shielding Requirements

Shielding is material that protects personnel,
equipment, and materials from damage due to the
radiation. Sources of ionizing radiation, such as
spent nuclear fuel and other high-level radioactive
waste, normally require shielding. Radiation
shielding evaluations are used to determine how
much shielding is required or what the radiation
dose rate is for a specific source.

During normal operations at the repository, the
waste packages loaded with spent nuclear fuel will
be handled remotely from within shielded areas so
that personnel will not be exposed to harmful radi-

ation levels. In this instance, shielding evaluations
are performed to protect material and equipment.

Waste packages must be thick enough to preclude
radiolysis enhanced corrosion. The barriers must
be able to reduce radiation levels at the waste pack-
age surface such that they are too low to enhance
corrosion under aqueous conditions. It appears
that the radiolytically induced corrosion is insignif-
icant due to the very low initial gamma dose on the
surface of the waste package and the fact that the
gamma dose declines by about a factor of 8 to 10
each 100 years. Thus, when the packages could be
contacted by water after the thermal pulse has
passed, the dose on the surface will be at very low
levels and below the threshold for radiolytically
induced corrosion.

Shielding evaluations are done for equipment to
determine the amount of protection a piece of
equipment needs to function properly at a given
location for a certain period of time.

Various pieces of monitoring and control equip-
ment will be relatively close to the waste packages.
The results of the shielding evaluations will be
used to determine the amount of protection a piece
of equipment needs to function properly at a given
location for a certain period of time.

5.1.4 Evaluations of Waste Package
Materials and Waste Forms

The overall strategy for waste containment and iso-
lation is based on a defense in depth approach in
which the waste package is a key component. The
first part of the strategy is to contain the waste in
waste packages for an acceptable period of time
(containment) and the second part, isolation,
entails ensuring that the release rates are accept-
ably low (controlled release).

The waste package inner and outer barriers provide
the dual-barrier containment system for the waste
package. The materials selected for the barriers
must be evaluated for their expected performance
in a broad range of possible repository environ-
ments. The performance of the waste package is
estimated using a waste package degradation
model. It provides a quantitative analysis of the
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initial waste package failure and its degradation
through time. Detailed results of the waste pack-
age degradation rnodel are provided in Section 3.4
of Volume 3 and are summarized in this section.

The first penetration occurs in the waste package
corrosion-allowance outer barrier at about
1,000 years and the corrosion process continues
until the outer barrier fails for all waste packages at
approximately 6,000 years. The base case analyses
incorporate both dripping and non-dripping condi-
tions. The waste packages that are dripped on have
a higher percentage of failures for the corro-
sion-resistant inner barriers and fail much earlier
than the waste packages that are only exposed to
humid air conditions within the drift. All waste
packages that are dripped on fail by 1 million
years.

The waste forms will be initially contained in the
waste packages. After degradation and failure of
the waste packages, spent nuclear fuel assemblies
and high-level radioactive waste glass will be
exposed to the drift environment. After waste
package failure, radionuclides are not available for
release and transport until the combination of the
three items would occur (first and third scenario
and/or second and third scenario):

* Failure of the fuel cladding. The two main
causes of cladding degradation (TSPA-VA
analyses) are mechanical failure and
corrosion failure. The stainless steel clad
fuel in breached waste packages and in
defective waste packages will be available
for dissolution, as will be a small percentage
of the Zircaloy clad fuels. At about
100,000 years, waste packages that fail
through both mechanical failure and
corrosion will begin to expose more fuel for
dissolution through continued degradation of
Zircaloy cladding. At 1 million years, about
31 percent of the fuel will be available for
dissolution in the base case cladding model.

* Degradation of the solid waste form.
Following cladding failure, degradation of
the commercial spent nuclear fuel occurs
within a few thousand years, while degra-
dation of the high-level radioactive glass

form occurs over a period of 8,000 to
10,000 years (following failure of the
stainless steel canister).

* Mobilization of radionuclides into aqueous
solution, aqueous colloidal suspension, or
gaseous form.

As discussed in Section 2.2 of Volume 4 and sup-
ported by the TSPA-VA analyses discussed in the
previous list, the principal factors affecting the
postclosure performance of the waste package
include the following: water dripping onto the
waste package, the humidity and temperature at the
waste package, the chemistry of the water contact-
ing the waste package, the integrity of the waste
packages' carbon steel outer barrier, the integrity of
the waste package's high-nickel alloy inner barrier,
the integrity of spent nuclear fuel cladding, and the
dissolution of the uranium oxide and glass waste
forms. These principal factors impact the lifetime
of the waste package and the release of radionu-
clides from breached packages. The waste pack-
age materials and waste form testing program is
designed to reduce the uncertainty for the principal
factors that affect the waste package performance
and to study the containment provided by the waste
package barriers and the spent nuclear fuel
cladding.

The testing program provides data that supports the
selection of barrier materials to prevent the release
of radionuclides, supports the design of the engi-
neered barrier system, and serves as input to the
TSPA. The testing program assesses the behavior,
short-term and long-term, of the materials compris-
ing the waste package and the engineered barrier
system and those that constitute the waste forms.

Testing the materials comprising the waste pack-
age supports design by enabling the selection and
specification of barrier materials, and the specifica-
tion of barrier thicknesses through the generation
of material corrosion or degradation models. The
waste package degradation models incorporate the
important processes for corrosion of both the outer
and inner barriers. The data generated from the
materials tests serve as input for the analyses that
support the adequacy of the reference design.
These analyses are found in Sections 3.4.2 of
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Volume 3. The analyses address corrosion modes
for a variety of environments, information included
from expert elicitation, juvenile failures, and
long-term performance.

Testing the waste forms supports the waste
package design by providing source terms for radi-
onuclide release through the engineered barrier
system to support safety analysis and performance
assessment. Testing the commercial spent nuclear
fuel and high-level radioactive waste glass forms
has enabled the development of preliminary
models for waste form degradation for use in the
TSPA, discussed in Section 3.5 of Volume 3.
Testing will continue on waste form materials to
provide credible performance models.

Tests to date have shown that an outer barrier, cor-
rosion allowance material of ASTM A 516, and an
inner Dbarrier, corrosion resistant material of
Alloy 22, are the appropriate choices for the base-
line design for the waste package and would meet
the minimum containment requirements. Testing
will continue on materials for both baseline and
other design options (such as titanium) to allow
trade-off, or comparison, studies for longer-life
waste packages. The effects of design options
under consideration are found in Section 4.5 of
Volume 3.
5.14.1 Comprehensive Corrosion Tests on
Waste Package Materials

Comprehensive corrosion tests are being
conducted on specimens of waste package materi-
als exposed to simulated repository environments.
These tests will help select materials that resist
corrosion under the expected conditions inside the
repository. The tests are comprehensive, in the
sense that many forms of corrosion can be tested:
general corrosion, pitting, stress corrosion crack-
ing, galvanic corrosion, and corrosion in crevices
are just a few examples. In addition, parts of the
long-term tests have counterparts in shorter-term
tests for stress corrosion cracking and galvanic
corrosion. The material presented here will discuss
the following:

» Test Environment
* Test Specimens

* Complementary Short-term Tests
* Field Testing

Long-Term Test Environments and Inspections.
The test environments are structured to simulate
bounding conditions. The composition of water
that might seep into the drifts or drip onto the waste
packages is not known. However, in the absence
of thermal effects, the water is expected to be simi-
lar to that extracted from Well J-13 because the
potential repository and the well are in the same
geologic unit. Formulas have been developed for
setting up these test environments. The formulas
were based on previous experience both at the
Yucca Mountain Project and at Argonne National
Laboratory where well water from Yucca Moun-
tain was simulated using various salts. Since con-
centrated solutions are generally more corrosive
than dilute ones, all of the bounding water environ-
ments are more concentrated than J-13 well water.
The characteristics of the four bounding water
environments have been estimated from the
geochemical code and are summarized in the fol-
lowing list.

» The base case water, with a low concen-
tration of ions (atoms or particles that have a
positive or negative electric charge), will
have a pH of 8.5 (a slightly basic solution)
and contain 1,700 parts per million (ppm) of
total dissolved solids. For the purpose of
comparison, this water is estimated to
contain 67 ppm of chloride ion.

The base case water concentrated 100-fold,
with a high concentration of ions, will have a
pH of 10 and contain 146,000 ppm of total
dissolved solids. This water is estimated to
contain 6,700 ppm of chloride ion. This
bounding environment represents what
might happen with repeated plumes of
rainwater descending toward the repository,
encountering the host rock that has been
heated by thermal radiation, evaporating,
and leaving behind salts. Finally, after the
temperature of the surface of the waste
package cools to the boiling point of water,
subsequent plumes of water could dissolve
the salts and carry them to the surface of the
waste package.




Viability Assessment of a Repository at Yucca Mountain

DOE/RW-0508/V2

» The concentrated water was water treated
with sulfuric acid to a target pH of around
2 (very acidic). This water is estimated to
have a total dissolved solids content of
146,000 ppm and to contain 24,200 ppm of
chloride ion. This bounding case represents
the condition where certain species of
microbes have produced acidic metabolic
products. It also simulates the chemical
changes that might take place in water that is
confined in a crevice between two pieces of
metal or between metal and a rock.

* The concentrated water was water with
calcium hydroxide added to reach a target
pH of 12. This water is estimated to have a
total  dissolved solids content of
132,000 ppra and to contain 20,900 ppm of
chloride ion. This bounding case represents
water conditioned by prolonged contact with
materials containing cement, such as those
used to line the drift wall or used in the
invert material underneath the waste
package.

The four proposed bounding environments provide
a range of pH (acid, neutral, and alkaline) and a
range of ionic strength (dilute and concentrated).
The ionic strength affects the conductivity of the
water, which in turn affects local corrosion of the
metal surface. From the point of view of metal
corrosion, the chemical species normally found in
the Well J-13 water and other groundwater near
Yucca Mountain are expected to give the general
reactions listed in the following bulleted list.

* Anions (negatively charged ions)

— Chlorides and fluorides: usually aggres-
sive, since they tend to break down protec-
tive passive films on many metals

— Sulfates: somewhat aggressive to some
metals; indifferent effects on others

—Nitrates: combine with oxygen (oxidiz-
ing), therefore aggressive to some metals;
promote the formation of a protective layer
on other metals

— Bicarbonates: tend to neutralize pH, indif-
ferent effects or even protective effects if
calcium and/or magnesium are present

— Silicates: form a protective layer on metals
* Cations (positively charged ions)

—Sodium, potassium, calcium, and magne-
sium ions-depends on which anions are
also present

—Heavy-metal ions-largely absent from
groundwaters in the repository, but would
have important effect on metal corrosion
since they are oxidizing and promote the
formation of an acidic environment. The
effects of ions of iron produced from
corroding materials (not directly associated
with the waste package), such as bolts in
the rock, steel mesh to support the drift,
and conveyances to transport the waste
packages, could be significant.

The corrosion response is a composite of the
separate influences of these different ions. In
many cases, it is the ratio of the concentration of
aggressive ionic species to those of the protective
or indifferent species that determine the overall
corrosive properties of the water. Therefore it is
important that the combined effects of all the
various constituents of the water be present in the
long-term corrosion test.

The specimens of the materials to be tested are
attached to racks made of a non-reactive material
such as Teflon, as shown in Figure 5-15. The racks
are then placed in large tanks of water (about 3 ft
square) that are also lined with a nonreactive coat-
ing. Each tank can hold six racks. The tanks have
covers that fit well, but are not completely airtight.
The tanks are filled to approximately 60 percent of
their volume so that when the specimen racks are
inserted, half of the specimens will be under the
water, while half will be above the water and
exposed to the air and steam. A few specimens
will be at the water line. Because the tank is closed
and reasonably tight, the air inside will become
humid and be saturated with steam. Air from out-
side the tank will be passed into this vapor space to
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insure that the oxygen, carbon dioxide, and other
gases, normally found in air, will be maintained in
the steam vapor.

The Engineered Materials Characteristic Report
(McCright 1998), was used in selecting two tem-
peratures for the long-term tests, 60 and 90°C (140
and 194°F). These temperatures are bounding in
the sense that the highest corrosion rates for the
corrosion-allowance materials will be found in this
range and the effects of localized corrosion and
stress corrosion cracking will be greatest in this
temperature range for the corrosion-resistant
alloys.

The temperature and the level of the water are the
only two parameters that are controlled in these
tests. However, other parameters will be mea-
sured. These parameters include pH, chemistry of
the water, oxygen content, and microbial activity.

At the scheduled time interval, a rack is withdrawn
from the vessel so that the specimens can be
inspected for corrosion. Starting in Fall of 1996,

the following five planned intervals are planned for
inspection: after 6 months of exposure, 1 year,
2 years, 3 years, and 5 years. (The sixth rack is for

additional test specimens, if needed). At each
withdrawal period, certain specimens will be
weighed and the rate of corrosion calculated.
Surfaces will also be inspected for evidence of
localized corrosion. Some specimens contain
welds, so that the weld and the area around the
weld (heat-affected zone) will be carefully
inspected. Depending on what is initially
observed, appropriate types of analyses will be
pursued to fully characterize the specimens.
Samples of the water will be taken periodically to
check for any changes in chemistry. These
samples will also be characterized for the nature
and extent of microbial activity.

Long-Term Test Specimens. Because the
long-term test is also a comprehensive test for
several modes of corrosion, the following three
different specimen configurations are exposed in
the test environment: one to examine general
corrosion; a second, for corrosion in a crevice; and
a third, for cracking and embrittlement. A
“weight-loss” coupon, approximately 5 cm X 2.5

cm X 0.3 cm (2.0in. X 1.0 in. X 0.125 in.) thick,
yields information on the rate of general corrosion.
When the specimen corrodes or oxidizes, a corro-
sion product like rust forms. This oxidation prod-
uct is removed from the specimens before they are
weighed. Further examination of the pattern of
attack reveals whether the corrosion is uniform, or
shows localized (small patches) attack such as
pitting. A crevice specimen, which is slightly
larger, is arranged so that a Teflon washer forms a
tight crevice with the metallic specimen. Third, a
specimen bent into the shape of a “U” is used to
determine susceptibility to stress corrosion crack-
ing (a phenomenon caused by stress and the envi-
ronment) and embrittlement due to an increase in
hydrogen content. The U-bend specimens are 0.16
cm thick and formed to be 3 cm high X 1.9 cm wide
(0.062 in. x 1.25 in. X 0.75 in.). In all cases, the
test specimens are carefully isolated from mount-
ing bolts and hardware. The specimen designs and
test procedures are based on specifications devel-
oped by the American Society of Testing and
Materials including specifications G1, G30, and
G46.

Some 13,000 specimens, in the three configura-
tions, are being tested. The first materials to be
tested are arranged in three categories as shown in
the following bulleted list:

* Corrosion-allowance materials

— Wrought carbon steel (ASTM A 516)
— Cast carbon steel
— Chromium-molybdenum alloy steel

 Intermediate corrosion-resistant alloys

— Monel (nickel-copper alloy)
— Copper-nickel alloy

* Corrosion-resistant alloys

— Incoloy 825

— Hastelloy G-3

— Inconel 625

— Hastelloy C-22, Inconel 622

— Hastelloy C-4

— Titanium Grade 12

— Titanium Grade 16 (trace palladium)
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For the first series of corrosion tests (referred to as
Increment 1), the test specimens are kept within
their respective categories to avoid any cross
effects between corrosion products. In a later
increment, cathodic specimens will be placed
where the cross effects are desired. These tests
will be discussed later.

For Increment 1, specimens of carbon and alloy
steels were placed in tanks containing the dilute
water and the concentrated water environments at
the two test temperatures (thus requiring four
tanks). The specimens of the nickel-based and tita-
nium-based highly corrosion-resistant materials
were placed in four more tanks similarly filled and
heated. Then, specimens of these same nickel-base
and titanium-base alloys, and specimens of the
intermediate copper- and nickel-bearing alloys
were placed in the acidified concentrate environ-
ment. Additional tests will be run on different
combinations of materials and in different environ-
ments.

Tests for assessing cathodic corrosion have begun

in the same environments as the single-metal spec-
imens, but in separate vessels. The design of the
cathodically coupled specimens simulates the way

the waste package s
Section 5.1.2.3).

fabricated (see

Complementary Short-Term Tests. The
long-term corrosion tests are a cornerstone for
evaluating waste package materials. However,
several other short-term activities interface with
the long-term tests. For example, the short-term
tests predict the relative susceptibilities of the
candidate materials to localized corrosion, micro-
biologically influenced corrosion, stress corrosion,
and cathodic corrosion. The long-term corrosion
test evaluates the validity of these predictions for
the longer term. The short-term tests are also
important for modeling corrosion behavior.
Microbiologically influenced corrosion is being
evaluated by conducting tests of metal surfaces
exposed to biological communities as a function of
nutrient chemistry. Two other short-term tests are
discussed in the following paragraphs: galvanic
corrosion and stress corrosion cracking.

Cathodic corrosion is the enhanced deterioration of
one of two dissimilar metals by contact with the
other metal in an electrolytic solution, resulting in
protection of the other metal. While a variety of
degradation modes can occur in aqueous environ-
ments, cathodic corrosion of the outer barrier of the
waste package is considered an important mode.
Accelerated corrosion of the outer barrier may
occur because of its contact with the more corro-
sion-resistant inner barrier while exposed to water
in the crevice between the two barriers. The tests
are concerned with evaluating the cathodic corro-
sion behavior of many different metallic couples in
aqueous environments, by measuring the current
between two dissimilar metallic materials and
observing the corrosion that occurs.

Stress  corrosion cracking is an environ-
ment-assisted phenomenon resulting from the
combined interactions of tensile stress and a corro-
sive environment. Environments causing stress
corrosion cracking are usually aqueous, and can be
either condensed vapor or solutions. Hydrogen
embrittlement is also a form of environ-
ment-induced failure that results most often from
the combined action of hydrogen and residual or
applied tensile stress. While several mechanisms
of the two phenomena have been proposed based
on numerous studies, no single unique mechanism
has been widely accepted. Therefore, the proposed
test program is focused on evaluating the stress
corrosion behavior of susceptible waste package
materials under measured and/or controlled elec-
trical currents in simulated repository environ-
ments. The resultant data will help the
understanding of the cracking process. in materials
of interest. This information will be used to
develop and validate the models for stress corro-
sion cracking for the long-term performance of the
waste package materials.

Field Tests and Natural-Analog Assessment.,
Field tests will characterize how candidate materi-
als for waste packages degrade after they have
been exposed to field environments at Yucca
Mountain. These studies are primarily being per-
formed to learn how the host rock of the repository
responds to being heated. Specimens of the waste
package materials are used in these studies to
determine the long-term degradation of the materi-
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als under the elevated temperature conditions at
Yucca Mountain. These specimens see the envi-
ronmental change, particularly temperatures, over
time compared to the laboratory experiments that
are run at fixed and constant environmental condi-
tions.

In each study, test specimens are placed in regions
of the rock that are well characterized with respect
to temperature and relative humidity. Test speci-
mens are attached to the packets that are set in
boreholes for all of the field studies. Temperature
and relative humidity are measured near the
attached specimens.

Natural analogs are evaluated to support the pre-
diction of the long-term behaviors of the barrier
materials. Natural analogs are phenomena that
occur naturally-—sometimes over extremely long
periods of time-—and cannot easily be duplicated in
a laboratory.

The data on corrosion generated from the field tests
and the natural analog assessments are used in
activities related to the performance assessment,
materials selection, model development, and repos-
itory design. This work described in this section
addresses aspects of the subissue “What are the
effects of corrosion on the lifetime of the contain-
ers and the release of radionuclides to the
near-field environment?” This subissue is associ-
ated with the Container Life and Source Term Key
Technical Issue (NRC 1998a). Status information
about this subissue is summarized in Volume 4,
Section 4.3.3.4.

5.14.2 Waste Form Testing Program

Waste packages are being designed to contain
radioactive waste for thousands of years. How-
ever, the packages can potentially degrade as they
react to the repository environment over time. As
the waste packages degrade, the waste forms inside
could be exposed to the conditions inside the
repository. The behavior of the waste forms when
exposed directly to the repository environment
determines the amount and rate of release of radio-
active materials; therefore, the behavior of the
waste forms must be evaluated under simulated
repository conditions. Solutions used for testing
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are based on simulated Well J-13 water appropri-
ately modified to meet specific test objectives.
This work described in this section relates to the
resistance of spent nuclear fuel and high-level
radioactive waste glass and addresses aspects of
two subissues concerning resistance to degradation
associated with the Container Life and Source
Term Key Technical Issue (NRC 1998a). Status
information about this subissue is summarized in
Volume 4, Section 4.3.3.4.

This section discusses the testing done for fuel
coming from commercial and DOE nuclear reac-
tors and other high-level radioactive waste that has
been encased in borosilicate glass or ceramics.
The work described in this section relates to the
resistance of spent nuclear fuel and high-level
radioactive waste glass and addresses aspects of
two subissues concerning resistance to degradation
associated with the Container Life and Source
Term Key Technical Issue (NRC 1998a). Status
information about this subissue is summarized in
Volume 4, Section 4.3.3.4.

Commercial Spent Fuel Testing. Two types of
commercial spent nuclear fuel tests are performed:
dissolution and oxidation. Dissolution tests mea-
sure the rate at which radionuclides are released
when the spent nuclear fuel is directly exposed to
water. Data obtained from the dissolution tests
include:

* Dripping rate of water
* Integrated flow volume

» Estimated surface area of the sample being
exposed to the water

» Estimated time that the water stays in contact
with the surface of the spent nuclear fuel

e Chemical and radionuclide states of the
aqueous solution

As the volume of aqueous solution accumulates
from the ongoing tests, the materials that are sus-
pended, not dissolved, in the solution will be char-
acterized in detail.
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Oxidation tests are designed to determine the oxi-
dation characteristics of spent nuclear fuel at the
temperatures anticipated after the waste package
has degraded and after the cladding has degraded
or failed. These tests also identify the influence of
important fuel characteristics (e.g., fission gas
release, burnup, and fuel type) and atmospheric
variables (e.g., moisture content and radiation
field) on oxidation rates and mechanisms.

DOE-Owned Spent Nuclear Fuel Testing.
DOE-owned spent nuclear fuel testing is being per-
formed by the National Nuclear Fuel Program
under a materials science program designed to
study the release rates, materials analysis, and
localized corrosion in order to determine the
response of DOE-owned spent nuclear fuel to
groundwater exposure in order to provide specific
data on what fissile products are released and the
release rate. These tests will focus on fuel charac-
teristics that may cause release rates to differ from
those of commercial spent nuclear fuels within the
repository.

High-Level Radioactive Waste Glass Testing.
High-level radioactive waste glass currently being
tested includes glasses from Savannah River Tech-
nology Center and the West Valley Demonstration
Program. Both doped and real radioactive glasses
are being tested. Glass from Handford will be
tested when it becomes available. The best avail-
able methods to predict long-term performance of
this waste form are as follows:

* Testing at elevated temperatures, which
accelerates reaction rates

e Testing at high surface area-to-volume
ratios, which accelerate rates proportionally
to the exposed surface area of the glass

Flow-through tests and closed-system tests are
planned. Additional tests may be performed that
are not yet described, based on data collected as the
work progresses.

Two types of flow-through tests will be performed.
The first measures the rate at which the glass dis-
solves; the second test observes how other materi-
als in the system affect this rate. In the first set of

experiments, the glass is immersed in a fluid that
has a constant pH and continuously flows past, and
reacts with, the sample. The flow rate is kept fast
enough so that the amount of glass dissolved will
not cause the material to come out of solution and
cause secondary phase to form. If the solution
were to become supersaturated, the concentrations
of elements in the solution downstream from the
glass would not represent the total amount of ele-
ments released from the glass. Then the results
would have to be corrected for the amount of a
given element that has precipitated in secondary
phases. Earlier studies show that the secondary
phases are small and difficult to identify; therefore,
only estimates of the amounts of materials for these
phases may be possible.

The tests will be performed on a representative set
of glass compositions, based on estimated compo-
sitions of actual waste glasses furnished by the
Savannah River Technology Center. The dissolu-
tion of waste glasses is sensitive to the oxidation
state of the elements they contain, because many of
the elements such as iron, manganese, and uranium
have multiple valence states. In addition, it is
almost impossible to control oxidation state at low
temperatures. As a result, testing materials such as
basaltic glass may better indicate the effect of glass
composition on the dissolution rate constant. The
tests will be performed over a range of tempera-
tures and pH values that bound anticipated reposi-
tory conditions.

A second type of flow-through test will investigate
the effects of other repository materials, such as
metals contained in the waste package, on the cor-
rosion behavior of glass. In these tests, metals such
as iron will be added to the solutions, either as sol-
uble salts or as corrosion products such as iron
oxides.

These closed-system tests will provide further
quantitative information on the solution composi-
tion and the rate of dissolution. In the closed-sys-
tem tests, as the glass dissolves, glass constituents
build up in solution. This buildup slows the rate of
reaction. Unlike the flow-through tests where the
solution leaves the glass, in the closed system tests
the fluid remains in contact with the glass and the
concentration of material in solution builds up until
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the solution becomes supersaturated. At this point,
secondary phases form.

Analyzing the solution over time and assessing the
secondary phases that precipitate will be used to
validate the rate constants determined in the
flow-through tests.

5143 Material Performance

Evaluating material performance consists of sev-
eral activities. These activities include reviewing
and analyzing data from test programs and search-
ing for and analyzing published data. Based on
these analyses, models are developed for use in the
performance assessment calculations. The waste
package materials and the waste forms themselves
are tested and modeled for performance. This sec-
tion briefly describes each of these activities.

Degradation-mode surveys and information bases
represent a consolidation of information related to
the expected performance of materials used in
fabricating the waste packages. Degradation-mode
surveys compile information on failure modes of
materials, notably forms of corrosion. These
surveys also document oxidation and embrittle-
ment phenomena and evaluate this information as
it pertains to Yucca Mountain. Information bases
are collections of information on characteristics of
candidate materials, such as physical and mechani-
cal properties, that are important to the waste pack-
age design.

Testing materials for their resistance to corrosion
and evaluating their physical properties make up
the largest effort in the material-performance area.
The multiple-barrier design of the waste package
and the number of options for designing the reposi-
tory require a comprehensive testing program to
evaluate how materials perform under the wide
range of conditions anticipated in the repository.
Several candidate materials are being considered
for the containment barriers. For example, the
waste package has an outer barrier made of a corro-
sion-allowance material and an inner barrier made
of a corrosion-resistant material. The testing pro-
gram thoroughly evaluates each material.
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The performance of the various materials must be
modeled. The modeling effort serves the following
two major purposes:

« Supports the recommendations for selecting
certain materials. A Key selection criterion is
the predictability of the performance of the
material.

Furnishes the information about how the
selected material will perform in the repos-
itory environment. Consistent with ASTM
C-1174-91, repository-relevant data from the
testing activities is interpreted with an under-
standing how materials behave.

Examples of models developed for use in the
TSPA include the following:

 General and localized corrosion of materials
used for the containment barriers

 Degradation of waste package components,
such as inner basket materials and neutron
absorbers

* Solubility of spent nuclear fuel and radionu-
clides

» Oxidation of spent nuclear fuel
» Degradation of high-level radioactive glass

The details of the models have been provided in the
Engineered Materials Characteristic  Report
(McCright 1998). Model predictions are compared
to performance information in the literature and
from that the need for, and type of, long-term tests
are projected. Where applicable, natural analogs,
will be used to partially validate long-term predic-
tions.

5.2 UNDERGROUND PORTION OF THE
ENGINEERED BARRIER SYSTEM

The underground portion of the engineered barrier
system comprises all elements that are outside the
waste packages. These elements include the fol-
lowing:
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* The steel supports that hold the waste
packages

* The piers upon which the steel supports rest

* Certain aspects of the drift invert that
supports the pier

* The way the emplacement drifts are arranged
and excavated

Figure 5-16 shows the locations of these elements
within an emplacement drift.

This section describes the emplacement drifts, the
inverts that form the floor of the drift, the piers, and
the steel supports that support the waste package.
Several other components to enhance the perfor-
mance of the system are being considered. These
options are discussed in Section 5.3.

5.2.1 Emplacement Drifts

10 CFR 60.133(a)(1) requires that, “the orienta-
tion, geometry, layout, and depth of the under-
ground facility, and the design of any engineered
barriers that are a part of the underground facility
shall contribute to the containment and isolation of
radionuclides.”  This part of the discussion
describes how the design of the drifts meets these
requirements.

The structure of the host rock influences how the
emplacement drifts will be situated. To the extent
practical, drifts will be oriented so they are not
parallel to long, continuous fractures or cracks that
naturally occur in the host rock. This practice
should promote drift stability. However, orienta-
tion of drifts according to structure orientation is
not straightforward. The experience gained from
excavating the Exploratory Studies Facility indi-
cates that the orientation of the fractures is not
constant throughout the primary emplacement
area. Because the drifts should be parallel and not
at different orientations, the final orientation of the
drifts will likely be a compromise, or “best fit”
arrangement.

The openings of the emplacement drifts are part of
the engineered barrier system to the extent that
their physical arrangement can affect the perfor-
mance of the repository. The excavated openings
are circular, which is the most inherently stable
configuration for an underground opening. Shapes
with corners or other irregularities are prone to
higher stress concentrations and are generally con-
sidered less naturally stable than circular shapes.
Another favorable feature of a round opening is
that, if liquid water seeps into a round opening, it is
more likely to stay in contact with the drift surface
and run around the perimeter of the drift than to
form a droplet and drip onto a waste package. As
discussed in Volume 3, water dripping on the
waste package is one of the most important causes
of eventual waste package failure.

The layout of the subsurface has also been devel-
oped to promote containment of the radioactive
waste. The drifts are widely spaced, which reduces
the extraction ratio. The extraction ratio is the
excavated area divided by the total area and is a
measure of how much rock has been removed.
Higher extraction ratios place more stress on the
remaining rock to support the overlying rock mass.
Conversely, limiting the extraction ratio creates
lower stresses, and therefore allows a more stable
drift configuration. The extraction ratio is calcu-
lated as follows:

(5.5-m drift diameter per 28-m drift spacing)
% 100 = 19.6 percent

This low extraction ratio of 19.6 percent, combined
with the relatively high strength of the rock mass,
will create stable conditions and limit the possibil-
ity of collapse of the overlying rock. Such a col-
lapse could impair the repository's ability to
contain the waste because the rock mass above the
repository would be disturbed and become more
permeable, allowing water to move toward the
emplaced waste.

In addition to having a low overall extraction ratio,
the repository system is arranged so that water
moving downward through the repository zone and
entering a repository opening will not be preferen-
tially directed toward emplaced wastes. The repos-
itory layout will be configured so that:
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* Water that enters the emplacement drifts can
drain, by gravity, out of the emplacement
drifts into the mains and, once out of an
emplacement drift, cannot reenter, by gravity
flow, another emplacement drift.

Drifts excavated above the emplacement
level will not be directly connected to an
emplacement drift to prevent water that
enters the overlying drift from flowing
through a man-made opening into the under-
lying emplacement drifts.

Drifts excavated above the emplacement
level will be sloped so that water that enters
the drift can flow away from the
emplacement area.

The depth of the underground facility has been
selected to comply with siting requirement
3.7.2.2 F of the Mined Geologic Disposal System
Requirements Document (DOE 1997¢,
DOE/RW-0404P April 1996). This requirement
states that emplacement areas have at least 200 m

(656 ft) of cover. Using the minimum depth maxi-
mizes the vertical distance from the emplacement

area to the underlying water table. Because the
eventual path of radionuclides is downward from
the repository level to the water table, maximizing
this distance should also increase the travel time
for radionuclides.

10 CFR 60.133(f) states the following:

The design of the underground facility
shall incorporate excavation methods
that will limit the potential for creating a
preferential pathway for groundwater to
contact the waste packages or radionu-
clide migration to the accessible envi-
ronment.

Using tunnel boring machine technology to
develop emplacement drifts is the best available
means to comply with this requirement. Any exca-
vation method that makes an opening will change
the surrounding rock. However, excavating with
the tunnel boring machine and fully lining the drift
immediately after excavation should result in mini-

mal fracturing of the rock units, and thus comply
with this requirement.

The arrangement of the subsurface drifting is dis-
cussed further in Section 4.2.

5.2.2 Drift Invert

The information in this section addresses aspects of
the NRC Key Technical Issues of Repository
Design  and  Thermal-Mechanical  Effects
(NRC 1997¢), and Radionuclide Transport
(Sagar 1997). The drift invert is the bottom of the
emplacement drift. This term also applies to the
portion of the ground control system that rests on
the bottom of the drift. The invert is a reinforced
precast concrete unit that supports the waste pack-
age; associated structures keep the waste package
from resting directly on the invert. Figure 5-16
shows the location and shape of the invert.

The invert, while a part of the ground control
system, is also a part of the engineered barrier
system because its features have some effect on the
retention of radionuclides in the emplacement drift.
This performance feature could be enhanced. For
example, the invert could be fabricated using mate-
rials that “sorb,” or preferentially hold onto, certain
radionuclides. Such a measure could be used to
slow down the ultimate release rate of those radio-
nuclides that are susceptible to sorption. The refer-
ence design does not incorporate such “sorbers.”
Their use may be considered in the evaluation of
options for use in the LA design.

The drift invert, in the reference design, is a struc-
tural member that forms part of the full ring of con-
crete that makes up the drift lining. It also serves
as the roadbed for both construction traffic during
excavation and for the emplacement gantry during
the emplacement operation. The invert segment
design has included structural evaluations in the
Emplacement Drift Invert Structural Design Analy-
sis which incorporate combined thermal, in-situ,
and seismically induced loads to show that the
invert will remain intact and functional (CRWMS
M&O 1998d).

As an alternate to the concrete invert design, an
all-steel invert system has also been carried in the




Viability Assessment of a Repository at Yucca Mountain

DOE/RW-0508/V2

design. The steel concept was carried forward to
mitigate the effects on the design of a possible
elimination or limitation on the use of concrete in
the emplacement environment. Concrete is being
evaluated for its effects on postclosure perfor-
mance, and its use may be limited or eliminated.
An all-steel ground support alternative, incorporat-
ing the steel invert, has been carried in the VA ref-
erence design to limit the impact on design of such
a decision (CRWMS M&O 1998d).

The arrangement of the subsurface drifting is dis-
cussed further in Section 4.2.

5.2.3 Support Structure for the Waste
Package

The support assembly for the waste package is a
pier that serves as a foundation on which to set the
support that holds the waste package. Together,
the pier and support hold the waste package off the
invert, which serves two important purposes: pre-
venting water from contacting the waste package
and helping cool the waste package by allowing air
to circulate around it. The requirements to prevent
water from contacting the waste package are stated
in the Engineered Barrier Design Requirements
Document, Parts 3.2.3.3.A.8.b and 3.2.3.3.A.8.c
(YMP 1994a).

Preliminary designs have been developed for the
support structures. These designs are intended for
use with the preliminary designs developed for the
drift lining. The lining is composed of six precast
concrete segments that together form a full-circle
lining in the drift. The invert segment is a part of
the ground support system and also serves to sup-
port the waste package support system. An alter-
nate preliminary design using all steel and no
concrete has also been developed. Although a pier
has not been developed to work with this alternate
design, a concept for an all-steel pier has been
developed. The designs for the pier and waste
package support have been analyzed for structural
stability and thermal performance in the repository
environment.

A modular design has been developed for the waste
package support assembly. The decision to use a
modular design responds to requirements 3.2.5.2.1,

3.2.5.2.4.C, and 3.2.5.2.8.A.2 in the Engineered
Barrier  Design  Requirements  Document
(YMP 1994a). A modular design allows flexibility
in arranging the waste packages in the drifts and in
replacing individual components of the support
system should they be damaged in a waste package
handling accident. If such an accident happens, it
is less critical for the support structure to be dam-
aged than for the waste package to be breached.
Therefore, the support structure is designed to
yield should a waste package handling accident
occur.

The waste package support assembly has the fol-
lowing two parts: a pier and a support. The pier, as
shown in Figure 5-17, is fabricated from seven
steel plates, a half section of steel pipe, two steel
bars, two hooks, and concrete. The plates, section
of pipe, and steel bars are welded together to form
a shell into which the concrete is poured. Steel
pins, placed in the holes in the top steel plate, allow
holes to be formed in the concrete. The steel pins
are removed once the concrete begins to set. The
base of the support will be inserted in these holes.

Each component of the pier serves a purpose as
follows:

* Holes on the surface are used to position and
attach the support

* Bottom steel bars help position the pier on
the invert

» Shell, made of the steel plates, protects the
concrete from being chipped during handling
and allows the pier to be lifted

Each waste package support is fabricated from two
pieces of rectangular steel tubing, two sections of
steel pipe, and two circular steel bars, all made of
carbon steel. At least two such supports or cradles
will be used to hold each waste package. The sec-
tions of rectangular steel tubing are each angled on
one end to create a V-shape when put together.
This tubing also has small holes for drainage and
larger holes that are used for lifting. The sides of
the support are made of steel pipe. The pieces are
welded together to form the support.
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The rectangular steel tubing serves as the saddle
for supporting the waste package. The V shape
will accommodate any diameter waste package.
Rectangular tubing is used for its ability to distrib-
ute the weight of heavy loads. Carbon steel
construction provides a relatively soft interface
resylting in a larger contact area between the
support and the waste package allowing greater
distribution of loads.

As indicated in the Controlled Design Assumptions
Document, Key 016, the waste package support
and pier are designed to remain intact at least
through the period of retrievability, up to 100 years
after the start of waste emplacement (CRWMS
M&O 1998b). General corrosion of the steel dur-
ing this relatively short period will be minimal
because the relatively high drift temperatures pre-
clude the presence of liquid water. Therefore, the
support and pier should easily meet this goal.

The support assembly for the waste package has
the following two major interfaces: one between
the support and outer surface of the waste package;
the other between the pier and the concrete invert.
The waste package support reduces stress on the
outer surface of the waste package because it has
been designed to deform under impact of a dropped
package and has been fabricated out of a similar
material to minimize material interactions. In
Repository Design Emplacement Drift Ground
support Pre-Case Concrete Lining, the cen-
ter-to-center spacing of the supports is assumed to
not exceed 1.5 m (4.5 ft) (CRWMS M&O 1997x),
ensuring that every waste package would rest on at
least two waste package supports when placed any-
where along the emplacement drift.

The second interface is between the pier and the
precast concrete invert. The invert interfaces with
the bottom plates, side plates, and bottom bars of
the pier. As discussed before, the bottom bars are
used to position the pier. The steel plates, side and
bottom, provide a flat, somewhat ductile, surface
between the concrete of the pier and the concrete
invert. This surface is important for preventing
rocking or tensile stresses in the concrete that may
develop if the concrete surfaces are uneven. The
dimensions of the pier have been set to match the

dimensions of the precast concrete invert to ensure
a good fit between components.

5.3 ENGINEERED BARRIER SYSTEM
DESIGN OPTIONS

Several engineered barrier system enhancements
are being evaluated. Current evaluation of options
may prove prudent should a performance standard
be established and subsequent overall performance
assessments indicate that engineered enhancements
are needed to meet the performance standard or are
desirable from a safety margin perspective. Fol-
lowing publication of a performance standard,
options currently under evaluation will be incorpo-
rated into the LA design or eliminated from further
consideration, as appropriate, before any license
application is submitted.

The features being evaluated for potential perfor-
mance impacts are as follows (Figure 5-18):

» Emplacement drift backfill
* Drip shield, with backfill

» Ceramic coating of the disposal container
(waste package), with backfill

Each measure is discussed in the following sec-
tions. Section 4.5 of Volume 3 presents the perfor-
mance assessment associated with each of the
engineered barrier system enhancements under
consideration, as well as a performance assessment
for combined enhancements. Costs of these
options are discussed in Appendix G of Volume 5.
The work remaining to be completed prior to sub-
mittal of any license application is discussed in
Section 3.3 of Volume 4.

5.3.1 Emplacement Drift Backfill

Emplacement drift backfill is an option as well as a
component of the other options. Backfill in the
emplacement drifts could have at least the follow-
ing three beneficial impacts on performance:

* Provides a measure of mechanical protection
for the waste packages. Though no general
failure of the rock mass in the emplacement
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horizon is anticipated, the concrete lining of
the drifts will eventually deteriorate,
allowing the rock in the crown of the
emplacement drifts to fall into the drift
opening. The resulting impact of falling
rock on the waste packages may cause a
percentage of the containers to breach earlier
than if they were not impacted. This is
especially true if the rockfalls do not happen
until after the initially robust waste packages
are made more vulnerable by extensive
corrosion.

Lowers the relative humidity conditions at
the surface of the waste packages. Emplaced
backfill will form an insulating layer around
the waste packages. Because the waste in
the containers will continue to generate heat
for thousands of years, the insulating effect
will raise the temperature at the waste
package surface. Higher temperatures
should result in lower relative humidity at
the waste package surface. If the humidity at
the waste package surface remains below the
threshold for humid air corrosion, the onset
of corrosion will be delayed.

Prevents dripping water from directly
contacting the waste packages. After the
thermal pulse of the waste has passed, the
drift environment will return to a
below-boiling condition when liquid water,
if present, could drip directly onto the
surface of the waste package. The water will
either boil away, if the container surface is
still hot enough, or evaporate leaving behind
entrained minerals. The mineral depositions
on the container surfaces may promote
corrosion. Backfill above the surface level
of the waste package will preclude the
dripping water from directly contacting the
container surface.

The use of backfill has not been made a part of the
reference design because it is a high cost operation
and because there has not been a compelling case
made that its performance benefits outweigh the
costs. In addition, the large variability in the heat
characteristics of the waste stream requires that, if
used, backfill not be placed until very late in the

life of the facility, just prior to closure. This is due
to the insulating effect that backfill has on the
waste packages. If backfill were placed too soon
after waste emplacement, the temperature of at
least a portion of the spent fuel cladding would
exceed the thermal goal of 350°C (662°F).
Exceeding this temperature may adversely impact
the integrity of the Zircaloy cladding of the fuel
rods and reduce its effectiveness as a potential
engineered barrier system element. Cladding as an
engineered barrier system element is discussed in
Section 5.5.2 of Volume 3.

A number of questions regarding backfill still need
to be answered. The ability of the backfill to pro-
tect the waste package and other components
against rockfall needs to be tested to ensure that the
design would work. Further, although there is con-
siderable information on the properties of backfill
under the average flow conditions, the response to
the full range of possible conditions that might
result from focused or episodic flow has not yet
been fully determined. With regard to feasibility,
backfilling of mines is a part of standard practice.
What needs to be demonstrated is that emplace-
ment to the specifications needed for repository
functions can be accomplished. Consequently,
rather than high confidence in the representation of
the backfill, current confidence is moderate.

If required, backfill would be emplaced by
remotely operated equipment due to the radiation
levels in the emplacement drift environment. A
conceptual design for this equipment has been
developed. The as-placed characteristics of the
backfill are limited by the placement method. No
compaction is feasible within the current design
concept. The backfill material would be granular,
dry, and free-flowing and could be handled by
standard industry bulk-material-handling equip-
ment. Either quartz sand or crushed, screened,
mined rock from the repository excavation would
be used as the backfill medium.

The placement process in an emplacement drift
would begin with cooling the drift, using air flow
provided by the subsurface ventilation system.
When the temperature of the air exiting the drift is
at or below 50°C (122°F) the backfill material
would be hauled from the surface by conventional
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rail and loaded into a hopper near the drift
entrance. The fill would be moved to the place-
ment machine, a simple conveyor device, using a
self-unloading shuttle car, loaded at the drift
entrance, and moved into the drift to the rear of the
placement machine (see Figure 5-19). As the level
of the fill reaches the point where the containers
are covered by at least 0.6 m (about 2 ft) of fill, the
placement machine pulls back slightly. This oper-
ation starts at the end of the drift farthest from the
entrance and retreats toward the entrance as work
progresses. The operation is continuous while the
placement machine has fill material available.
When the backfill runs out, another load is brought
by shuttle car. The operation is remotely con-
trolled by personnel who monitor the operation by
closed-circuit television.

There is no need to completely fill the drift. The
open area at the top of the fill provides a pathway
for ventilation air to continue to flow through the
drift. This will keep the dust of the operation from
obscuring the view of the operator and keep the
drift temperature low enough to protect the equip-
ment. The exhaust raise is protected from being
covered by the backfilling operation.

Additional design scenarios incorporating the use
of backfill are discussed in Section 8, Major
Design Alternatives, in this volume.

5.3.2 Drip Shields

The information in this section addresses aspects of
the NRC Key Technical Issue of Container Life
and Source Term (NRC 1998a). A drip shield is an
optional engineered barrier system component that
would be positioned above the waste package. The
purpose of the drip shield is to prevent water from
dripping directly onto the surface of a waste pack-
age. To be an effective part of the engineered
barrier system, the drip shield must be long-lived
and remain intact throughout the thermal pulse
period to be available to divert water when
below-boiling conditions return to the emplace-
ment drifts. Consequently, construction issues
such as materials, configurations, as well as the
methods and equipment needed to place the drip
shields, are being evaluated.

Placing the drip shield over the waste package at
the time of emplacement is preferred. If drip shield
placement were deferred until closure, the drip
shield placement machinery would have to pass
beyond emplaced waste packages to access the
containers farthest from the entrance. While this is
possible, it is not desirable because the recovery of
the placement unit could be problematic if it breaks
down far into the drift. Placement of the drip
shield at the time of emplacement would require
that drip shield expenditures be made much earlier
in the repository's life cycle than if their placement
were deferred until closure. Any thermal impacts,
such as retardation of heat rejection by the waste
package to the surrounding drift walls, will be
more pronounced if the drip shields are placed con-
currently with waste package emplacement.

The drip shield option brings with it the require-
ment to backfill the emplacement drift because of
the longevity required of the drip shield. The back-
fill will provide mechanical protection to the drip
shield as the emplacement drift lining ultimately
fails and the rock in the crown falls into the drift.
The placement of backfill is described in
Section 5.3.1.

Constructability Analysis of Backfill and Drip
Shield Configurations is a design analysis on engi-
neered barrier system options for the VA that con-
sidered two different drip shield configurations
(CRWMS M&O 1998a). The objective of the
analysis was to assess the ability to safely and
cost-effectively construct various engineered bar-
rier system options.

One configuration involves placement of a drip
shield directly on top of the waste package. There-
fore, the weight of the drip shield rests on the pack-
age and, in turn, is supported by the waste package
supports. In this scenario, the drip shields could be
placed on the waste packages at the time of waste
package emplacement or at a later time. Backfill
would be placed over the drip shield/waste package
arrangement just prior to closure. Placement of
this drip shield option would be similar to the
placement of the waste packages, and the emplace-
ment equipment would likewise be similar.
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The second drip shield option involves sequential
placement of emplacement drift backfill with
placement of drip shield segments that lay on top
of the backfill. This method could be carried out
only just prior to closure. The drip shield segments
have ends that “interlock” to form a continuous
barrier over the backfill. Though technically possi-
ble to install, this option would be much more dif-
ficult to implement than the above-described
configuration.

The drip shields in both configurations are fabri-
cated of Alloy 22. Alloy 22 is an extremely corro-
sion-resistant metal that should have a very long
life in the expected drift environment. The drip
shields would be 2 centimeters in thickness.
Figures 5-20 and 5-21 show the two drip shield
concepts described in this section.

There are several uncertainties regarding this bar-
rier system. First, its effectiveness in diverting
flow depends upon the longevity of the drip shield
and of the backfill that complements it. Current
confidence in the long-term stability of candidate
drip shield materials (ceramics and corrosion-resis-
tant metals) is moderate. Thermodynamic infor-
mation on fired clay and alumina ceramics
indicates that these will last millions of years; how-
ever, thermodynamic information for the particular
ceramics under consideration by DOE has not yet
been compiled and the bounding values of the time
constants are not yet established.

Secondly, the flow properties of the drip
shield/backfill combination need to be demon-
strated for the full range of flow conditions. There
is moderate to high confidence that this barrier sys-
tem will prevent both advective and diffusive flow
from reaching the waste package, but the specific
response of this system to high fluxes needs to be
determined.

Finally, because the specifications for the design,
fabrication, and emplacement of this system have
not yet been defined, current confidence in this
system is moderate at this time. Uncertainties sur-
rounding the ability and ease of construction have
yet to be demonstrated before relying on this fea-
ture as a practical application.

Additional design scenarios that incorporate the
use of drip shields are discussed in the major
design alternatives, Section 8 of this volume.

5.3.3  Ceramic Coatings for the Waste
Packages

The information in this section addresses aspects of
the NRC Key Technical Issue, Container Life and
Source Term (NRC 1998a). As part of the engi-
neered barrier system, the waste package is being
designed to work with the natural system in con-
taining the radioactive waste. As a result, features
that can extend the life of the waste packages are
being considered. Ceramic coatings potentially
could make the waste packages last longer by
slowing the rate at which the packages will cor-
rode. Work has begun at Lawrence Livermore
National Laboratory to evaluate ceramic coatings
as a design option and to determine the types of
coatings that can be fabricated commercially.

The following three major topics are presented in
this section:

» Ceramic materials and their application

* Experiments to test under

controlled conditions

specimens

* Potential limiting factors for using ceramic
coatings
5.3.3.1 Ceramic Materials and Their
Application

Ceramic oxides are promising as additional corro-
sion-resistant materials for the waste packages.
Many available ceramics would be stable under the
environmental conditions predicted for the reposi-
tory. The candidate ceramic oxides have many of
the following advantages: they are very stable; they
are fully oxidized and therefore will not degrade
due to oxidation; they are unaffected by salts; they
do not conduct electricity and so are unaffected by
galvanic corrosion; and, because they are inert,
they are not a source of food for microbes. The
materials currently being tested are magnesium
aluminate spinel, aluminum oxide, and titanium
dioxide, with spinel being the major focus.
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Each of these materials is chemically stable and
found in nature. The rates at which they dissolve
in water are estimated to be about a few millime-
ters per million years. Therefore, coatings made of
these ceramic materials would likely survive for a
million years or more under expected repository
conditions.

The major limitation with these materials,
however, is the difficulty in forming and handling
large, dense shapes. All current ceramic materials
are brittle compared with metals. Therefore, a
better use of ceramics is as a protective coating.
The waste package would benefit from a ceramic
coating because the dual-metal construction
already makes it strong and resistant to corrosion,
and the outer layer of ceramic would add another
mechanism to extend the life of the package. The
coatings would be applied using a thermal spray
technique that uses a ceramic material as the
starting or feed material. The type of ceramic feed
material and the resulting coating and its properties
will vary with the process selected. All of the
processes being considered use a high-velocity gas
stream plus gas combustion or conversion of elec-
trical energy to melt or partially melt the feed
material and spray it onto a surface. When the
molten droplets hit the much larger and cooler
material to which they are being applied, they
conform to the shape of the material, then cool,
solidify, and adhere.

The ceramic feed materials can be melted using
various sources of heat: an electric arc; a
high-velocity, oxygen-fuel flame; or a confined
explosion (detonation gun). To date, several
versions of application processes have been inves-
tigated, applying different ceramic materials, indi-
vidually and in combinations. In the tests
completed so far, the oxygen-fuel-fired coatings
have been the densest and most uniform.
However, with some development, the other
systems may be able to produce similarly good
results.

In many respects, thermal spraying resembles
spraying paint, and it is often used in routine appli-
cations. For example, the rollers on large printing
presses are often coated with ceramic materials to
improve their resistance to wear. The delivery por-

tion (gun) of a thermal spray system is approxi-
mately the size and weight of a hand-held paint
sprayer. Though these guns are attached to much
larger power and gas supplies, they can be maneu-
vered easily, allowing large surfaces and contours
to be covered smoothly. Further, as with painting,
the thermal spray coating is built up in layers for
complete coverage. The difference comes in the
number of layers applied. In the case of thermal
spray applications, hundreds or thousands of layers
of oxide particles can be built up to form a com-
plete ceramic coating. This layering process tends
to keep most flaws in the coatings very small and
produces a highly uniform and fine-grained cover-
ing.

The presence of the coating will not change the
way the metal underneath corrodes. However, the
rate of corrosion will be slower because the
ceramic coating will allow less oxygen to reach the
metal. Further, if a substantial portion of a coating
were to just disappear, the situation would be no
worse than it would have been without a coating.
A mathematical model has been developed to show
how a porous, thermal sprayed ceramic protects
steel against corrosion. When the amount of oxy-
gen available is limited, the corrosion rate will
decrease. The model accounts for this reduction in
the amount of oxygen available.

The model calculation is highly sensitive to the
values assigned to the pore parameters, especially

the cylinder diameters. Although a few simple
estimates have been made based on microscopic
examination, the major uncertainties in applying
the model lie in not yet having sufficient data on
pore geometry. As those measurements improve,
the accuracy of the model predictions will
improve.
5.3.3.2 Experiments

The following three analytical methods are being

used to assess the ceramic coatings before and after
they have been exposed to corrosive conditions:

* Microscopic examination (metallography) to
evaluate coating geometry, total porosity,
and corrosion behavior
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¢ Electrical-conductivity testing to measure
how fast oxygen is transported through the
coating to the metal underneath

* Mechanical testing (measurements of bond
strength and the effects of impacts) to bound
the potential effects of handling the coated
waste packages or backfilling the drifts after
the waste packages have been emplaced

Specimens of steel coated with ceramic are being
tested under various environmental conditions in
the long-term corrosion facility at Lawrence Liver-
more National Laboratory. Sets of identical
ceramic-coated specimens are exposed to various
corrosive conditions and are removed at intervals
to measure the effects on the coatings and underly-
ing metal with time. The test setup and conditions
have been described in Section 5.1.4. Some of the
coatings have been deliberately slit before testing
to demonstrate how corrosion might propagate
underneath a damaged coating. To simulate vari-
ous possible repository environments, there are
plans to expose additional samples to humid air
and dripping water conditions.

Samples are withdrawn from their corrosive envi-
ronments at intervals for examination, which
involves slicing them open to look at the bond area
between the ceramic and metal. Before the sam-
ples are opened, any slotted regions are filled with
epoxy to trap corrosion products that might be
present. The samples are then sectioned across the
slot and polished. The metal substrates are treated
with acid to reveal the grain structure and then
examined microscopically to determine the quanti-
ties and locations of corrosion products.

As might be expected, coatings applied using a
plasma-spray technique are very porous (about
19 percent porosity) and do not provide complete
protection against corrosion. In some cases these
coatings even spalled near the slot. However, the
much denser coatings on high-velocity oxygen-fuel
(approximately 2 percent porosity) and detonation
sprayed (approximately 6 percent porosity) sam-
ples seem to completely protect the substrate,
except where the coating was deliberately
damaged. The samples showed no apparent under-
cutting of any of the dense coatings by corrosion

near the slots, suggesting that they have little inter-
connected porosity and are firmly bonded, and that
penetration of oxygen beneath a properly applied,
dense coating is very slow.

Like corrosion, electrical conductivity in lig-
uid-filled channels or pores is controlled by how
easily dissolved ions (like oxygen) can move
through the channels. Wide, straight channels
offer less resistance to the motion of ions. This
resistance is called impedance. On the other hand,
narrow, tortuous channels offer much greater
impedance. This direct correlation translates to
measuring electrical impedance to give a direct
indication of how much corrosion can be improved
by a given coating in a particular environment. As
an example, if the impedance were 100 times
greater through a particular coating than without it,
corrosion would be slowed to 1/100 the rate
because it would take 100 times as long for the
same number of ions to reach the metal.

Electrical conductivity is measured using a poten-
tiostat, a device that can apply precisely controlled
voltages, currents, and frequencies of electricity.
Measurements have been made on steel samples
with no coating, oxygen-fueled coatings (approxi-
mately 2 percent porosity), detonation coatings
(approximately 6 percent porosity), and conven-
tional plasma-sprayed coatings (approximately
19 percent porosity), all immersed in simulated
concentrated J-13 water.

The impedance of the highly porous electric arc
coating was not significantly different from that of
the bare metal. At both low and high electrical fre-
quencies, the two denser coating types showed
impedances that were significantly higher than
those from the electric arc applied material, thus
providing more protection against corrosion.

Coated specimens are undergoing the following
two general types of mechanical testing:
bond-strength measurements and impact tests.
Measuring bond strength quantifies the adhesive
and cohesive properties of the coating. Results to
date suggest that the coatings are well bonded and
tend to fail within the coating rather than at the
interface of the ceramic and the metal substrate.
Impact tests support this observation and indicate
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that damage tends to be localized to the area of
impact. Impacts with pointed objects are most
likely to damage the coating, although any impact
severe enough to permanently deform the waste
package will cause spalling and can expose the
metal. Impact by small stones and gravel should
not produce any consequential damage.

5333 Design Constraints

Because the ceramic coatings are relatively thin
and brittle, a potential exists for the coatings to be
damaged as the waste packages are filled with
waste and transported and emplaced in the drifts.

The consequences of damaging the protective coat-
ing suggest that precautions should be taken to pro-
tect the coatings whenever possible. For example,
temporary overcoats of polymeric materials or dis-
posable metal sleeves could be applied. Further,
using gravel backfill to cover the waste packages
would virtually eliminate falling rocks puncturing
the coating. Backfill is included as an optional
design feature associated with ceramic coatings
(see Section 5.3.1).

In addition to the experimental program at
Lawrence Livermore National Laboratory, design

analyses have been done to determine if
ceramic-coated waste packages can meet the struc-
tural and thermal requirements necessary for the
repository. The structural studies included analyz-
ing the effects of rocks dropping onto a coated
waste package, determining if the thermal spray
process causes any residual stress that would
weaken the package, and evaluating the stresses
induced in the coating by the decay heat of the

waste. The results of these analyses indicate that
the coating will not fracture or spall during normal
handling or as a result of the increased tempera-
tures.

In the work done to date, the magnesium aluminate
spinel material and high-velocity oxygen applica-
tion process have produced the most promising
coatings. The detonation coatings are nearly as
dense, although there is evidence that this spray
process leaves an undesirable residue of metal par-
ticles. Tests also show that the electric arc tech-
niques can be controlled to produce coatings of
higher density (less than the 19 percent porosity
thus far demonstrated).

Assuming similar coating performance, an eco-
nomic and logistical analysis will be required to
determine which thermal spray process will best
lend itself to the needs of the YMP. The immedi-
ate future goals are to continue the evaluations cur-
rently in progress. More extensive impedance
measurements will be done, including testing
materials that have been sealed using various inor-
ganic and metallic sealant materials. If the corro-
sion work continues to be as promising as early
results indicate, there will be a shift toward using
larger samples to demonstrate that high density
coatings can be applied to larger surfaces, such as
those of the waste package designs. An attempt
will be made to apply nondestructive evaluation
techniques to larger coated surfaces and determine
the size and severity of flaws that may be buried in
the coatings. Various methods will be used to arti-
ficially implant flaws of various sizes in known
locations.
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6. CONCEPTS FOR CONSTRUCTION,
OPERATION, MONITORING, AND
CLOSURE

The proposed repository as depicted in the VA
would be constructed, developed, and operated in
phases, as discussed in the Mined Geologic
Disposal System Concept of Operations (CRWMS
M&O 19970, Section 2.1), see Section 2 of
Volume 5. The Exploratory Studies Facility and
surface-based boreholes, trenches, and test pits
were constructed during the site characterization
phase. The primary focus of this section is on
construction and operations.

The construction phase includes the following:

* Transitioning portions of the Exploratory
Studies Facility to repository facilities (see
Section 4.2.1)

facilities

* Constructing  surface

Section 4.1)

(see

* Refurbishing Exploratory Studies Facility
openings (see Section 4.2.1)

* Continuing to excavate and equip subsurface
facilities (see Section 4.2.1.4)

* Gathering data to support predictions of the
repository performance

* Demonstrating some repository operations

» Updating the LA to seek a license to receive,
package, and emplace waste

Construction will start about 5 years before waste
receipt and emplacement begins. Construction of
the underground facility will continue during the
waste handling and emplacement operations phase.
The expected duration of this concurrent develop-
ment and emplacement phase is approximately
20 years.

The waste handling and emplacement operations
phase includes the following:

* Receiving the waste

» Packaging the waste in disposal containers

* Emplacing loaded, sealed, and tested
disposal containers (waste packages) in the

repository

¢ Performing initial monitoring and mainte-
nance activities

e Gathering data to support predictions of
repository performance

The duration of the waste handling and emplace-
ment operations phase is estimated at 24 years.

6.1 MONITORED GEOLOGIC REPOS-
ITORY CONSTRUCTION

The construction of initial portions of the surface
and subsurface facilities are described below.
These operations include additions to the existing
surface facilities, retrofitting the north and south
portals, north and south ramps, and the east main
drift, muck handling during excavation, and the
installation of the subsurface ventilation systems.
The simultaneous operations of ongoing drift exca-
vation and waste emplacement are also described.
6.1.1  Surface Construction

After NRC authorizes construction, surface con-
struction will begin with site preparation, which
includes grading and grubbing; establishing build-
ing pads, rails, roads, and drainage; and construct-
ing water, security, support, and laydown facilities.
As many of the existing facilities as possible will
be preserved and used during these initial activi-
ties. The facilities include the changehouse,
switchgear building, and substation. In addition,
the north portal pad will be rebuilt and enlarged to
meet repository design requirements. Following
site preparation, facility structures will be built and
transportation and security systems will be com-
pleted.
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6.1.2  Subsurface Construction

The north and south portals and ramps and the east
main drift were excavated during construction of
the Exploratory Studies Facility. These openings
will be retrofitted, as necessary, during repository
construction. Cross-block access drifts and perim-
eter main drifts will be excavated to permit excava-
tion of the emplacement drifts. The underground
service drifts, ventilation shafts, and approximately
5 percent of the emplacement drifts will be com-
pleted before repository operations begin (see Sec-
tion 4.2.1.4). Figure 6-1 shows the configuration
of the facility when waste emplacement begins.

Initially, subsurface excavation will be supported
from the north and south portals using the refur-
bished site characterization facilities. Before waste
emplacement begins, development operations will
shift to the south portal exclusively.

Following initial construction, underground open-
ings will be developed concurrently with waste
emplacement operations. The development will not
interfere with waste emplacement operations. Iso-
lation air locks will maintain physical and func-
tional separation of the two activities. When a
predetermined number of newly excavated
emplacement drifts are ready for waste emplace-
ment, the isolation air locks will be moved to
include the newly developed drifts. The required
development rate for emplacement drifts will be
affected by several factors including the number of
emplacement drifts, emplacement strategy, waste
package spacing, emplacement drift spacing, and
the number of tunnel boring machines used.

The repository openings are designed to serve a
variety of functions. Main accesses (shafts and
ramps) provide facilities for ventilating the subsur-
face, emplacing waste, removing excavated mate-
rial, performing maintenance, and transporting
personnel and materials. Tunnel boring machines
will be used for most underground excavations.
Where use of a tunnel boring machine is not feasi-
ble, other mechanical methods such as roadheader
machines may be used.

After a drift is excavated, worker safety will be
maintained by scaling loose rock in combination
with appropriate ground supports (rockbolts,
welded wire fabric, cast-in-place concrete, and seg-
mented precast concrete linings).

A conveyor belt will transport excavated rock
(muck) from the subsurface to the surface. The
procedure for loading the muck onto the conveyor
belt will depend on the method of excavation.
Both the tunnel boring machine and roadheader
have internal gathering systems and conveyors for
loading and transferring the muck. These systems
may be used to transfer muck to rail cars that are
transported to a muck dump. Muck transport meth-
ods are generally limited by the maximum allow-
able particle size. Depending on the transport
method, rail car or conveyor, some of the muck
may require crushing to meet the size limits.

Crushing would most likely be required for con-
veyor transport, which is the preferred method for
ramps and drifts, and least likely to be true for rail
transport. Drill-and-blast excavation is the method
most likely to produce oversized particles. All
excavation methods may require large rock pieces
to be scaled from the roof of the opening. At the
surface, the excavated rock will be placed in a stor-
age pile.

Aesthetic, environmental, and economic factors
will be considered in determining how the muck
should be processed and where the storage pile
should be located.

During pre-emplacement operations, an emplace-
ment drift and an emplacement drift turnout will be
prepared. These activities may include the fol-
lowing:

* Preparing equipment

* Installing drift access control doors

* Preparing utilities

* Installing emplacement and turnout venti-
lation system
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« Installing shielding

« Installing control devices and monitoring
instrumentation

» Installing inverts, piers, and supports

« Final testing and equipment checkout before
beginning emplacement

« Installing the rails for waste transport

6.2 WASTE HANDLING AND
EMPLACEMENT OPERATIONS

This section provides an overview of the opera-
tions for receiving transportation casks, waste han-
dling and packaging, and placing waste packages
in the emplacement drift. Additional details on
equipment discussed in this section can be found in
Sections 4.1 and 4.2 for surface and subsurface
facilities, respectively.

6.2.1 Surface Operations

Transportation casks containing canistered and
uncanistered commercial spent nuclear fuel, canis-
tered DOE and naval spent nuclear fuel, or canis-
tered vitrified high-level radioactive waste (see
Figure 6-2) will be delivered to the repository by
road and/or rail. Each transportation cask is
expected to be equipped with impact limiters and
personnel barriers.

Arriving transportation cask carriers and their off-
site prime movers will be inspected at the reposi-
tory security gate for contraband, sabotage, and
contamination. An onsite prime mover will trans-
fer the loaded cask carrier to the truck or rail park-
ing area within the radiologically controlled area.
The offsite prime mover will wait within the radio-
logically controlled area to pick up an empty cask
carrier for subsequent shipment back to a waste
generator.

The onsite prime mover will move the loaded cask
carriers from a parking area to the Carrier Prepara-
tion Building. The cask and carrier will be
inspected for radiological surface contamination,

6-4

the personnel barrier will be retracted or removed,
the impact limiters will be removed from the cask,
and the cask will be reinspected for radiological
surface contamination. Minor decontamination of
the cask will be performed as required. Further
decontamination of the cask will be performed
within the Waste Handling Building, if required.

The prepared cask carrier will either remain in the
Carrier Preparation Building or may be staged in a
parking area until the Waste Handling Building is
available. The transportation cask will be removed
from the cask carrier in the Waste Handling
Building.

After the transportation cask has been unloaded,
the empty cask will be loaded onto the cask carrier,
and the cask carrier will be returned to the Carrier
Preparation Building. The personnel barriers and
impact limiters will be reinstalled to support subse-
quent transportation back to the waste generator.
Incidental cask maintenance will be performed at
the Carrier Preparation Building.

In the Waste Handling Building, the transportation
cask will be removed from the carrier, the cask will
be opened, and the waste (assemblies or disposable
canisters) will be placed into disposal containers.
Then the disposal containers will be sealed, tested,
and prepared for transportation underground.

Transportation casks will be received at the carrier
bay in the Waste Handling Building. A bridge
crane (Figure 4-8) will lift the cask to an upright
position and place it on a cask transfer cart. The
cart will be assigned to either one of three assem-
bly transfer lines or one of two canister transfer
lines, as appropriate. Casks containing uncanis-
tered spent nuclear fuel or dual-purpose canisters
(dual-purpose canisters are not suitable for dis-
posal) will be routed to the pool assembly transfer
lines. Casks containing disposable canisters will
be routed to the dry canister transfer lines.

The carrier bay will also receive empty transporta-
tion casks and empty overpacked dual-purpose
canisters from the cask preparation areas and load
them onto carriers for reshipment. The empty
overpacked dual-purpose canisters may be either
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basket typical canister for storing and
transporting fuel assemblies

impact limiter

typical transportation

cask for transporting

canisters
fuel
assemblies

Figure 6-2. Transportation Casks
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shipped for disposal as low-level radioactive waste
or returned to the supplier if the dual-purpose can-
ister is reusable.

The assembly transfer system (Figures 4-9a and b)
will unload spent nuclear fuel assemblies and dual-
purpose canisters from the casks and load the
assemblies into the disposal containers. For spent
nuclear fuel received in dual-purpose canisters, the
assemblies will be removed from the canister after
it has been removed from the transportation cask.
The assembly transfer system will be equipped
with three identical assembly transfer lines that are
capable of operating concurrently.

The casks will be positioned into a cask prepara-
tion pit where they will be cleaned as required, the
internal pressure will be measured, and the internal
gas will be sampled and analyzed. Casks contain-
ing uncanistered fuel assemblies will be prepared
for unloading by cooling, filling with water, and
removing the lid bolts. A lid lift fixture and cask
lift yoke will then be installed. The cask will be
transferred and lowered into a cask unload pool
and the lid will be removed. The lift fixture and
yoke will be returned to the cask preparation area.
For casks containing dual-purpose canisters, the
cask lid will be removed and the canister will be
prepared for unloading by measuring the pressure
within the canister, sampling the internal gas, cool-
ing, and filling the canister with water. The dual-
purpose canister lift fixture and cask lift yoke will
then be attached. The cask containing the dual-
purpose canister will be transferred to and lowered
into the pool, where the canister will be removed
from the cask. The dual-purpose canister will then
be placed in an overpack container, a lid severing
tool will be installed, and the canister lid will be
cut off.

The spent nuclear fuel assemblies will be unloaded
using a wet assembly transfer machine. Following
unloading, the overpack containing the lower sec-
tion of the canister will be drained and returned to
the preparation area.

Empty casks will be returned to the cask prepara-
tion area and prepared for offsite shipment. Lids
will be installed on the casks, pool water removed,

and the cask dried. The cask will then be decon-
taminated, surveyed, and returned to the carrier/
cask handling system for offsite shipment for
reuse. Used dual-purpose canister sections (includ-
ing the lids) and the overpack will be washed with
demineralized water at the pool. The dual-purpose
canister and the overpack will then be transferred
to the cask preparation pit, where the canister and
overpack will be drained and cleaned, and the lid
replaced on the dual-purpose canister. Finally, the
lid will be installed on the overpack and bolted.
The unit will then be decontaminated and surveyed
prior to shipment offsite.

The wet assembly transfer machine will transfer
unloaded spent nuclear fuel assemblies into baskets
staged in the pool. An interconnecting transfer
canal will permit the assemblies to be moved
among the three pools. When the correct comple-
ment of spent nuclear fuel is available for loading
into a disposal container, baskets of assemblies will
be loaded into inclined basket carts and transported
from the pools to one of two assembly drying sta-
tions located in a dry assembly transfer cell. A dry
assembly transfer machine in the cell will load the
baskets into the dryers.

Before being loaded with spent nuclear fuel assem-
blies, the empty disposal containers will be trans-
ferred to the disposal container load cell where the
port mating system will be sealed to the top of the
empty disposal container to control the spread of
contamination. After drying, the assemblies will
be transferred one at a time through a loading port
and into a disposal container. In addition to insert-
ing the assemblies, it may be necessary to insert
control rods into the disposal container to maintain
criticality control. The options and concepts for
inserting the control rods are being studied. The
loaded disposal container will then be transported
to a decontamination cell where the lid will be
decontaminated and surveyed and the disposal con-
tainer inerted with nitrogen.

The canister transfer system will open casks con-
taining commercial spent nuclear fuel, defense
high-level radioactive waste, and DOE and naval
spent nuclear fuel in disposable canisters and trans-
fer the canisters into a disposal container. The
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transfer system will include two identical canister
transfer lines that operate concurrently.

Casks containing disposable canisters will be posi-
tioned at a cask preparation cell in a canister trans-
fer line. The casks will be prepared by measuring
the internal pressure, analyzing the internal gas,
removing the lid bolts, and installing the lid lifting
fixture. The cask will then be decontaminated as
required and transferred to the lid removal and
unloading cell. Once a cask with disposable canis-
ter has been prepared and decontaminated, the cask
lid will be removed using the cask lid lifting fix-
ture, and a large or small canister lifting fixture will
be attached to the canisters inside the cask. The
disposable canister will then be transferred into the
disposal container and readied for closure.

New disposal containers will be transported by rail
to the empty disposal container handling area
located in the disposal container receiving shed.
The option to receive new disposal containers in
the Waste Handling Building is also being ana-
lyzed. Disposal container lifting and base collars
will be installed and the empty disposal container
disengaged from the carrier. A disposal container
lift beam assembly will then be installed and the
disposal container transferred to a tilting station
using a bridge crane. The disposal container will
be raised to a vertical orientation, outfitted with a
lid and other required furnishings, and staged. Dis-
posal containers scheduled for loading will be
moved through the disposal container welding cell
to a waste transfer line using the transfer carts and
the bridge crane.

Large canisters will be transferred and loaded into
an empty disposal container in the disposal con-
tainer loading area. Small canisters can either be
loaded directly into a disposal container or accu-
mulated in a staging rack until enough compatible
canisters are available to fill a disposal containers.
The loaded disposal container will then be
mounted on a disposal container transfer cart and
transported to the disposal container handling sys-
tem.

Loaded disposal containers will enter the disposal
container welding stations (Figure 4-11) where

they will be mounted on a turntable with a bridge
crane. The inner lid will be installed, welded in
place, and a welding/inspection robot will conduct
a nondestructive examination of the first seal. The
disposal container will then be inerted. Then the
outer disposal container lid will be installed,
welded, and a second nondestructive examination
conducted for the second seal. The bridge crane
will transfer the loaded waste package either to the
staging area or to the tilting station. At the tilting
station, the waste package will be lowered onto a
horizontal transfer cart, and the lifting and base
collars will be removed. Then the waste package
will be moved to the waste package transfer/decon-
tamination area, lifted by a horizontal lifting sys-
tem, decontaminated, and lowered onto a reusable
rail car for insertion into the waste package trans-
porter.

Off-normal operations are defined as operations,
other than normal operations, that take place dur-
ing Category 1 and Category 2 design basis events.
Category 1 design basis events are natural- and
human-induced events that are reasonably likely to
occur regularly, moderately frequently, or one or
more times before the repository operations area is
permanently closed. Category 2 design basis
events are other natural- and human-induced
events that are considered unlikely, but sufficiently
credible to warrant consideration, taking into
account the potential for significant radiological
impacts on public health and safety.

Following are examples of surface design basis
events:

* A primary handling or confinement
component failure to perform its intended
function on demand; loss of utility power for
a limited duration

 Shipping casks, disposable or nondisposable
canisters, or waste packages that are out of
specification or cannot be handled without
corrective measures, such as decontami-
nation, replacing a seal, or tightening bolts

» Spent nuclear fuel assembly handling events




